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The eye lens and its proteins 
Based on paleontological and morphological evidence eyes are thought to have evolved
independently in different organisms (Fig. 1) at least 40 times and probably as many as 65
times (Salvini-Palwen and Mayr, 1977), showing their importance to animals. Image-forming
eyes arose in six of the 33 extant metazoan phyla (Cnidaria, Mollusca, Annelida,
Onychophora, Arthropoda, and Chordata) and these six contribute to approximately 96 % of
the known species alive today (Land and Fernald, 1992). One common feature of visual
systems is their sensitivity to only a narrow range of wavelengths relative to the broad
spectrum of energy produced by sunlight.
Vertebrate lenses are formed from differentiated epithelial cells, which contain high
concentrations of soluble proteins known as crystallins. The change in relative concentration
of these proteins from the periphery to the center of the lens produces the refractive index
gradient necessary for a lens to be useful for an animal.
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Fig. 1 Image forming eyes of A) horsefly (Arthropoda), and B) mandrill (Chordata). Both pictures are taken
from www. htp//ftp.sunet.se/ftp/pub/pictures/animals.
There are two major groups of crystallins, those present in all vertebrates and others that are
taxon-specific. From the different crystallins known, the bulk of lens proteins is formed by the
β-  and γ-crystallins. Besides those two, the α-crystallins are also ubiquitous and common
among all mammals. In addition to these common crystallins many species also contain in
their eye lenses high levels of taxon-specific crystallins. All but one of the 11 currently
characterized taxon-specific crystallins are identical or closely related to house-keeping
enzymes (Piatigorsky and Wistow, 1989; Kraft et al., 1993; Wistow, 1995; Jiminez-Asensio
et al., 1995; Röll et al., 1995; Röll et al., 1996). So far the only non-enzyme taxon-specific
crystallin is ι-crystallin, which is present in certain species of diurnal geckos (Röll et al.,
1996).
α-Crystallin accounts for up to 40% of the total lens fiber protein and is composed of two
subunits, designated αΑ-crystallin and αΒ-crystallin, which show a sequence similarity of
57%. These two subunits associate to form large complexes of approximately 800 kDa. In
vitro they can also independently form complexes comparable in size to the α-crystallin
complex. Due to absence of crystallization data, little is known about the tertiary and
quaternary structure of α-crystallin. Intron positions in the α-crystallin genes suggest a
tertiary structure consisting of two domains and an extending C-terminal arm (Wistow, 1985).
When α-crystallin is isolated from adult bovine lens tissue, it contains approximately a 3:1
molar ratio of αΑ- and αΒ-crystallin (Siezen et al., 1978) and is found to have numerous
post-translational modifications (Groenen et al., 1994; Ma et al., 1998; Lampi et al., 1998).
Apart from the two homologous 20 kDa subunits, α-crystallin of rodents and some other
mammals contains an additional minor subunit named αΑins-crystallin, resulting from
alternative splicing. This subunit is identical to normal αA-crystallin, except for an insertion
of 23 amino acids between residues 63 and 64, at the junction of the two putative domains
(Cohen et al., 1978; de Jong et al., 1980; King and Piatigorsky, 1983; van Dijk et al., 2001).
This insertion is found in approximately 10% of the mature αA-crystallin mRNA and is
encoded by the optional exon 2.
α-Crystallins are since long known as abundant lens proteins (Bloemendal, 1977), but they
also occur outside the eye lens. For instance αB-crystallin is present at conspicuous levels in
heart and striated muscle, and at lower levels in many other cell types (Iwaki et al., 1990;
Lutsch et al., 1997). αA-crystallin on the other hand is still more or less considered to be a
lens-specific protein since it is present at only very low levels outside the lens, for instance in
spleen, thymus and liver (Kato et al., 1991).
α-Crystallins are members of the family of small heat shock proteins
The α-crystallins are related to stress proteins and belong to the family of small heat shock
proteins (sHsps), that counts already up to nine members in man (Boelens et al., 1998; Krief
et al., 1999; Kappé et al., 2001). The evolutionary relation between the small Hsps is mainly
apparent from the homology of their so-called “α-crystallin domain”. This is the second of the
two domains in the α-crystallin subunits as proposed by Wistow (1985). Besides α-crystallin,
the first reported sHsp is Hsp27, also indicated as Hsp25, depending on species (Engel et al.,
1991). Hsp25/27 closely resembles αB-crystallin in structural and functional aspects (Merck
et al., 1993). More recently Hsp20 (Kato et al., 1994), HspB2 (Iwaki et al., 1997), HspB3
(Boelens et al., 1998) and cvHsp (Krief et al., 1999) were added to the family of sHsps. By
comparing sequences of the first discovered seven family members it can be seen that αA-
and αB-crystallin are more similar to each other than to one of the other family members (fig.
2). These data confirm those in the phylogenetic tree of mammalian sHsps were αA- and αB-
crystallin were previously shown to be more closely related to each other than to Hsp25/27
(Caspers et al., 1995).
As the alignment (Fig. 2) shows, the α-crystallin domain is quite conserved among the seven
members of the human small heat shock protein family. Except for αA-crystallin all other six
family members are expressed in heart and in a limited number of tissues, specific for each
sHsp. Furthermore it seems that in heart there are two independent muscle-specific sHsp
systems, one containing HspB2, HspB3 and the other Hsp20, Hsp27 and αB-crystallin
(Sugiyama et al., 2000). For cvHsp it is not yet known to which sHsp complex it belongs.
Like other members of the small heat shock protein family, α-crystallin has a chaperone-like
activity in suppressing nonspecific aggregation of denaturing proteins in vitro (Horwitz,
1992). At physiological temperatures (37oC) αB-crystallin is the more efficient  chaperone,
but with increasing temperatures αA-crystallin (52oC) becomes a better chaperone. This
phenomenon is not due to accessible hydrophobic surfaces, since αB-crystallin displays a
higher hydrophobicity at both temperatures tested (van Boekel et al.,1999).
Besides providing thermoresistance upon overexpression (Landry et al., 1989; van den IJssel
et al., 1994; Knauf et al., 1994) sHsps can function in other processes that seem to be
unrelated, like interaction with the cytoskeleton (Miron et al., 1991; Nicholl and Quinlan,
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αB-crystallin PPSFLRAPSW •••••••••• •••••FDTGL SEMRLEKDRF SVNLDVKHFS PEELKVKVLG
Hsp27 RPLPPAAIES PAVAAPAYSR ALSRQLSSGV SEIRHTADRW RVSLDVNHFA PDELTVKTKD
Hsp20 RAPSVALP•• •••••••••• •••••••••V AQVPTDPGHF SVLLDVKHFS PEEIAVKVVG
HspB2 RPRAAPAGEG •••••••••• •••••SRAGA SELRLSEGKF QAFLDVSHFT PDEVTVRTVD
HspB3 •••••••••• •••••••••• •••••DSAAE TPPREGKSHF QILLDVVQFL PEDIIIQTFE
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αB-crystallin DVIEVHGKHE ERQDEHGFIS REFHRKYRIP ADVDPLTITS SLSSDGVLTV NGPRKQ••••
Hsp27 GVVEITGKHE ERQDEHGYIS RCFTRKYTLP PGVDPTQVSS SLSPEGTLTV EAPMPK••LA
Hsp20 EHVEVHARHE ERPDEHGFVA REFHRRYRLP PGVDPAAVTS ALSPEGVLSI QAAPASAQAP
HspB2 NLLRVSARHP QRLDRHGFVS REFCRTYVLP ADVDPWRVRA ALSHDGILNL EAPRGGRHLD
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Fig. 2. Alignment of seven members of the human sHsp protein family. The α-crystallin domain contains 80-100
residues. The beginning and end of the α-crystallin domain is marked by an ↓. Sequences were used as
published by Boelens et al., 1998 and Krief et al., 1999. Identical residues in at least four sequences are given in
bold and inversed and are written as consensus; similar residues in at least four residues were given on a gray
background and as asteriks in the consensus sequence. Length of the proteins is indicated.
1994) or apoptosis (Mehlen et al., 1996; Arrigo, 1998). In contrast to αA-crystallin, the
expression of αB-crystallin can be upregulated under various forms of stress (Klemenz et al.,
1991), and increased levels are present in, especially, degenerative brain diseases (Lowe et al.,
1990; Iwaki et al., 1992; Renkawek et al., 1992; Renkawek et al., 1994). The physiological
significance of these findings is unknown, but the functional behavior of α-crystallin to act as
a stress protein might be related to its ability to autophosphorylate (Kantorow and Piatigorsky,
1994), to inhibit intermediate filament assembly (Nicholl and Quinlan, 1994), and to suppress
the aggregation of denaturing proteins in vitro (Horwitz, 1992; Merck et al., 1993).
The common features of α−crystallin and the small Hsps are obviously related to structural
characteristics shared by these proteins (Hilbert et al.,1993). Unfortunately, however, no
direct information about their tertiary and quaternary structures is available. Wistow (1993)
proposed that the overall structure of α-crystallin subunits consists of a globular N-terminal
domain and a somewhat larger C-terminal domain with an exposed C-terminal tail. There is
increasing experimental evidence, notably based on unfolding studies, to support such a two-
domain model (Merck et al., 1992; Carver et al., 1994). There may be considerable flexibility
in quaternary structures, as is supported by the dynamic interchange of subunits between α-
crystallin multimers (van den Oetelaar et al., 1990; Bova et al., 1997). This flexibility might
be an essential functional feature of α-crystallin since increased chaperone-like activity seems
to be concomitant with structural changes induced by heat or addition of denaturing agents.
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Fig. 3. Panel A: left hand side, reconstruction after cryo-electron microscopy of an αB-crystallin homomultimer
with outer diameter of 15 nm; right hand side shows a cropped view, revealing a large central cavity (taken from
Haley et al., 1998). Panel B: a space-filling model of the 24-mer hollow M. jannaschii Hsp16.5 sphere of 120 Å
(taken from Kim et al., 1998).
Recent data obtained by cryo-electron microscopical analysis showed that αB-crystallin
homomultimers appear as irregular hollow spheres, with an avarage outer diameter of 15 nm,
which represent a 32-subunit assembly (Fig. 3a) (Haley et al., 1998). Moreover, the crystal
structure found for Methanococcus jannaschii HSP16.5 (Kim et al., 1998), which also
contains an α-crystallin domain composed of 90 residues (Fig. 3b), might shed some light on
the monomer arrangement of α-crystallin subunits in the complexes they form. Unlike α-
crystallin this protein forms homogeneous oligomers and has chaperone-like activity. The
primary building block of this homomultimer is a dimer, which is a composite β-sandwich  in
which one of the β-strands comes from the neighboring molecule. The 24-mer of M.
jannaschii HSP16.5 forms, like α-crystallin, a hollow spherical complex (Kim et al., 1998).
αB-crystallin outside the eye lens
αB-crystallin, mapped to human chromosome 11 region q21-23 (Brakenhoff et al., 1990), is
now known to be constitutively present in cells outside the lens. It is of interest to learn more
about its role in cellular processes. From in vitro data it is known that αB-crystallin displays
chaperone-like activity (Horwitz, 1992), confers increased resistance against heat and other
forms of stress (Klemenz et al., 1991), and has been implicated in a wide variety of processes,
including protection of the intermediate filament network (Djabali et al., 1997). αB-Crystallin
levels can be upregulated and its location in cells can be altered in response to stress
(Klemenz et al., 1991; Voorter et al., 1992; Djabali et al., 1997;  Brzyska et al., 1998).
Furthermore, in case of neurodegenerative diseases (for recent review see van Rijk and
Bloemendal, 2000), like Alexanders disease (Tomokane et al., 1991; Weissenböck et al.,
1996), multiple sclerosis (van Noort et al., 1995), Creutzfeld-Jacob disease (Renkawek et al.,
1992), Alzheimer’s disease (Lowe et al., 1990; Renkawek et al., 1994), and brain tumors
(Iwaki et al., 1992) upregulated levels of αB-crystallin can be found.
More recently it has been shown that the three serine residues present in αB-crystallin, Ser-
19, Ser-45 and Ser-59 can differentially be phosphorylated, depending on cell type, cell cycle
stage or stimulating agent (Loktionova et al., 1996; Ito et al., 1997; Kato et al., 1998; van den
IJssel et al., 1998). It has been shown that phosphorylation of αB-crystallin at Ser-19 and -45
due to MAPKAP kinase 2 is elevated during mitosis, whereas phosphorylation at position 59
mediated by p44 MAP kinase is depressed in mitotic cells  (Kato et al., 1998). Here we see
already that αB-crystallin is probably involved in different processes since in varying
situations the protein is differentially phosphorylated.
As for its cellular localization, αB-crystallin is considered to be a cytoplasmic protein.
Depending on cell type, abundance, conditions and methodological approach, it can diffusely
(Kato et al., 1998) or more granularly (Bhat et al., 1999) be observed in the cytoplasm,
colocalize with cytoskeletal structures (Wisniewski and Goldman, 1998), or redistribute onto
the nucleus (Voorter et al., 1992). Only occasionally have indications been reported for its
presence in the nucleus, either constitutively or after stress (Brzyska et al., 1998). Djabali et
al. (1997) reported a diffuse staining for αB-crystallin in the nucleus of NIH/3T3 cells upon
stress, possibly recruited in the laminar network. Kato and co-workers (1996) demonstrated
αB-crystallin in the nucleoli of control C6 glioma cells. Van de Klundert et al. (1998)
observed a dot-like immunostaining for αB-crystallin in nuclei of rat neonatal cardiac
myocytes, but considered this to be non-specific. Lutsch et al. (1997) found no labeling for
αB-crystallin in the nuclei of fetal rat cardiomyocytes. But most indicative for the potential of
αB-crystallin to reside in the nucleus, are recently reported experiments with CHO cells
stably transfected with an inducible αB-crystallin expression construct (Bhat et al., 1999).
Upon exposure of these cells to dexamethasone αB-crystallin is overexpressed and a granular
immunoreactivity appears, most pronounced in the cytoplasm, but also detectable inside the
nucleus.
Various other sHsps have convincingly been demonstrated to be present in the nucleus, either
constitutively (Miron et al., 1991) or after stress (Kim et al., 1984; Arrigo et al., 1988;
Loktionova et al., 1996). Since αB-crystallin readily forms mixed complexes with other
sHsps (Zantema et al., 1989; Kato et al., 1992; Bova et al., 2000), a nuclear localization of
αB-crystallin would not be too surprising.
αΑ-crystallin
αA-crystallin, one of the major structural proteins of the eye lens is mapped to human
chromosome 21 (Hawkins et al., 1987). Although this protein is still considered to be a lens-
specific protein it is found, albeit in small amounts, outside the eye lens (Kato et al., 1991;
Maeda et al., 1999).
From literature it is known that an αA-crystallin knock-out mouse strain develops smaller
lenses containing αB-crystallin in inclusion bodies (Brady et al., 1997). However, lenses of
αB-crystallin knock-out mice show no structural abnormalities (Brady and Wawrousek,
1997). This means that αB-crystallin per se is not able to maintain long term transparency of
the eye lens and that αA-crystallin cannot be missed as a structural protein. Even a single
mutation (R116C) in this protein is able to cause cataract (Litt et al., 1998). Alternatively, this
might be caused by destabilization of the native structure of this αA-crystallin mutant protein
since it exists as a highly oligomerized protein with perturbed secondary and tertiary
structures and decreased chaperone-like activity (Shroff et al., 2000). It should be mentioned
that this residue is found invariant in 28 mammalian species. Furthermore, arginine
(positively charged), which is a hydrophilic amino acid, is replaced by cysteine (uncharged),
an amino acid containing a hydrophobic sulfur-containing side chain, whereas α-crystallins
show a strong tendency to keep their net charge constant during evolution (de Jong et al.,
1984).
This mutation found in αA-crystallin is comparable to the R120G missense mutation found in
αB-crystallin causing a desmin-related myopathy (Vicart et al., 1998). The critical arginine
residue that is mutated in congenital cataract as well as in the inherited neuromuscular
disorder is also present in other small heat shock proteins, and resides in a highly conserved
region of the sHsp sequence (Fig. 2).
Structural analysis of αAins-crystallin shows that the insert of 23 amino acids not really
disturbs the tertiary or quaternary structure of the protein. This enlarged crystallin is an
integral part of the α-crystallin complex (Hendriks et al., 1990) and readily forms complexes
when expressed as a recombinant protein. However, αAins-crystallin shows a reduced
chaperone-like activity (Smulders et al., 1995).
Hydrophobicity is believed to be positively correlated to chaperone-like activity. It has been
shown that structural changes in α-crystallin that induce exposure of hydrophobic surfaces
can increase chaperone-like activity (Raman and Rao, 1994). The hydrophobic patches for
αA-crystallin were pinpointed to amino acids 50-54 and amino acids 79-99 (Sharma et al.,
1998). The first, rather small patch is encoded by a sequence in exon 1 and the bigger second
one in exon 3 (with the optional exon in αAins-crystallin, numbered 2). It has recently been
shown that in the case of the second hydrophobic patch a synthetic peptide corresponding to
residues 70-88 is already capable to prevent aggregation and precipitation of denaturing
alcohol dehydrogenase (ADH). Therefore it is confirmed that the chaperone site in αA-
crystallin, determined by cross-linking mellitin and bis-ANS is the true chaperone site
(Sharma et al., 2000).
Outline of this thesis
αA- and αB-crystallin are close relatives in the family of small heat shock proteins. They
resemble each other in structure and function. The α-crystallins have a very specific
expression pattern, αA-crystallin being almost strictly lens-specific and αB-crystallin found
more pronounced in other tissues, especially in heart and skeletal muscle. After it was proven
that α-crystallin is not restricted to the eye lens many researchers generated data suggesting
that it serves more functions than maintaining lens transparency. Therefore we studied αA-
and αB-crystallin in a variety of environments.
However, in many previous experiments the emphasis had been on the stress response of the
α-crystallins and their protection of other proteins. We therefore primarily focused on the
“native” non-stress situations. From the literature it is clear αB-crystallin expressed in cell
lines translocates from the soluble phase to a triton-insoluble phase upon stress, but the exact
localization and function of αB-crystallin in control situations remains unclear.
Therefore we studied the localization of αB-crystallin in a broad panel of cells under non-
stress conditions (chapter 2). A protein immuno-reactive with an antibody against the C-
terminal tail of αB-crystallin was found to be present in speckles in the nucleus, co-localizing
with SC35, a marker for nuclear speckles, and uniformly expressed in the cytoplasm, not
obviously restricted to specific structures.
Since αA-crystallin is virtually restricted to the eye lens it is of interest to verify if αA-
crystallin is able to behave in a similar manner like αB-crystallin in an environment which is
normally the playground for αB-crystallin. Therefore mouse skeletal muscle C2C12 cells
were stably transfected (chapter 3 and 4) and a transgenic mouse strain was generated
(chapter 5 and 6), both with the hamster αA-crystallin gene under direction of the vimentin
promoter.
Since the transfected C2C12 cells provided us with a viable spontaneously generated αA-
crystallin mutant, containing a duplicated exon 3 (chapter 3), our research shifted from "αB-
crystallin related" experiments to the characterization of this mutant (chapter 4). Since αA-
crystallin is evolutionarily highly conserved, not having accepted even a single amino acid
replacement in the murid rodent lineage for at least 60 million years (Hendriks et al., 1987), it
seems surprising that a gross structural intrusion can be accommodated by αA-crystallin.
Therefore the spontaneous mutants might be helpful in shedding light on the complex
formation and chaperone-like activity of αA-crystallin. For this purpose the structural and
functional characteristics of this elongated αA-crystallin, named super αA-crystallin are
compared to the characteristics of normal αA-crystallin.
Studying the transgenic mouse strain, overexpressing αA- and αAins-crystallin under direction
of the vimentin promoter (the same construct as used in chapters 3 and 4) we observed a
neurodegenerative-like disorder. From the literature it is known that αB-crystallin is often
overexpressed in neurological pathologies (van Rijk and Bloemendal, 2000). However in this
transgenic mouse strain the levels of αB-crystallin were not elevated, meaning that a
pathology not always correlates with its overexpression. With our transgenic mice strain we
more or less mimicked a neurodegenerative disorder - neuroaxonal dystrophy - due to
overexpression of αA-crystallin. In chapter 5 the phenotype was pathologically classified and
confirmed by a more biochemical approach in chapter 6.
Chapters 7 and 8 deal with the crystallins in the eye lens. Examination of stress inflicted upon
eyes in culture revealed that αA-crystallin is more prone to modifications due to stress than
αB-crystallin.
In short; there is more about α-crystallin than meets the eye!
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αΒ-Crystallin has for a long time been considered as a specific eye lens protein. Later on
it appeared that this protein belongs to the family of the small heat shock proteins and
that it exists also extralenticularly in many different cell types. αB-Crystallin is mainly
present in the cytoplasm, but there are some indications that it might also have a
function in the nucleus. However, till now its presence in the nucleus is uncertain. We
therefore compared the localization of αB-crystallin in nine cell lines cultured under
normal conditions, using four different antisera. All four antisera gave a diffuse
cytoplasmic staining, but one of the antibodies consistently showed nuclear staining of
all αB-crystallin possitive cell lines, in the form of distinct speckles. These speckles are
equally pronounced in the different cell types, whether or not cytoplasmic αB-crystallin
is present. Preabsorption of the antiserum with αB-crystallin abolished the staining.
Furthermore, we demonstrate that if only minor amounts of αB-crystallin are present,
the protein seems to be located exclusively in the nucleus. In case of higher amounts of
protein, αB-crystallin is distributed between cytoplasm and nucleus. The nuclear αB-
crystallin exists, like the cytoplasmic αB-crystallin, in non-phosphorylated and
phosphorylated forms, is Triton-insoluble but can be extracted by 2M NaCl. These data
suggest that αB-crystallin is bound to the nuclear matrix or nuclear matrix proteins via
other proteins. In agreement with other nuclear matrix proteins, nuclear αB-crystallin
staining turns diffuse upon mitosis and leaves the chromosomes unstained. Double
staining experiments revealed colocalization of αB-crystallin with the splicing factor
SC35 in nuclear speckles, suggesting a role for αB-crystallin in splicing or protection of
the splicing machinery and providing a possible physiological justification for its nuclear
localization.
Introduction
To understand a protein's physiological
function, it is essential to know its
localization in different cell compartments.
But even for well known proteins the exact
intracellular distribution is often a matter
of debate. An illustrative example is the
cytoskeletal protein actin, which has
numerous cytoplasmic roles, and reports of
its presence in the nucleus were in general
refuted as artifactual. Only recently it has
been recognized that actin exists as a
nuclear protein and has important roles in
nuclear processes (Gonsior et al., 1999;
Rando et al., 2000). Similarly, we here
explore the evidence for the nuclear
localization of αB-crystallin, a small heat
shock protein (sHsp) with a predominantly
cytoplasmic occurrence. αΒ-Crystallin is
one of the nine types of sHsps found in
man and other mammals (Boelens et al.,
1998; Krief et al., 1999; Kappé et al.,
2001). It is known since long as an
abundant structural eye lens protein, but
also occurs at conspicuous levels in heart
and striated muscle, and at lower levels in
various other cell types (Iwaki et al., 1990;
Lutsch et al., 1997). The expression of αB-
crystallin is upregulated under different
forms of stress (Klemenz et al., 1991), and
increased levels are present in
neurodegenerative diseases (Lowe et al.,
1990; Iwaki et al., 1992; Renkawek et al.,
1992; Renkawek et al., 1994; van Rijk and
Bloemendal 2000).
αB-crystallin displays chaperone-like
activity by preventing the aggregation and
insolubilization of unfolding proteins
(Horwitz, 1992). In vivo, it confers
increased resistance against heat and other
forms of stress (Klemenz et al., 1991), and
has been implicated in a variety of
processes, notably by interacting with
cytoskeletal proteins (Djabali et al., 1997).
As for its cellular localization, αB-
crystallin is considered to be a cytoplasmic
protein. Depending on cell type,
abundance, conditions and methodological
approach, it can be observed diffusely
(Kato et al., 1998) or more granularly
(Bhat et al., 1999) in the cytoplasm,
colocalizes with cytoskeletal structures
(Wisniewski and Goldman, 1998), or
redistributes onto the nucleus (Voorter et
al., 1992). The presence of αB-crystallin in
the nucleus, either constitutive or after
stress or transfection, has occasionally
been reported. Nuclear staining for αB-
crystallin could be diffuse (Djabali et al.,
1997), located in nucleoli (Kato et al.,
1996), or mostly in a dot-like pattern
(Brzyska et al., 1998). Furthermore, most
indicative for the potential of αB-crystallin
to reside in the nucleus, are recently
reported experiments with CHO cells
stably transfected with an inducible αB-
crystallin expression construct (Bhat et al.,
1999). Upon exposure of these cells to
dexamethasone, a granular αB-crystallin
immunoreactivity appears. In most studies
there is no indication for a nuclear
localization of αB-crystallin, or its staining
has been considered as non-specific (van
de Klundert et al., 1998). However, a
nuclear localization of αB-crystallin would
not be too surprising, considering that
various other sHsps have convincingly
been shown to be present in the nucleus,
either constitutively (Miron et al., 1991) or
after stress (Kim et al., 1984; Arrigo et al.,
1988; Loktionova et al., 1996). This is the
more so since αB-crystallin readily forms
mixed complexes with other sHsp
(Zantema et al., 1989; Kato et al., 1992;
Bova et al., 2000).
In view of the considerable functional
implications of a nuclear localization of
αB-crystallin, it is important to take away
the prevailing uncertainty about such a
localization. To that end we performed
immunofluorescence localization studies of
constitutively expressed, endogenous αB-
crystallin in various cultured cell lines,
assessed its nuclear localization and made
a first attempt in demonstrating its
functional association with splicing factors
in the nucleus.
Materials and methods
Human retinoblastoma cell lines U87 and
Sk-M-NC were kindly provided by Dr.
G.J. Bosman. A human ovarian carcinoma
413B line, a HeLa line, a rat glioma C6, a
rat cardiac myoblast H9C2, a NIH Swiss
mouse embryo fibroblasts (NIH/3T3) and a
Chinese Hamster Ovarian-cell line (CHO)
were available in our institute. Primary
mouse tumor brain cells were derived from
a transgenic mouse strain overexpressing
αA-crystallin (de Rijk et al., 2000). All
cells were grown as monolayers in
Dulbecco's modified Eagle's medium with
glutamax (GIBCO), supplemented with 10
% fetal calf serum, penicillin (100 units ml-
1) and streptomycin (100 µg ml-1). Cells w
cultured till confluent growth, passaged
minimally twice and grown on glass slides
till approximately 60 % confluency. Cells
on glass slides were washed twice with
cold PBS (4 oC), fixed in ice-cold
methanol for 5 min (-20 oC), washed with
ice-cold acetone (-20 oC) and air-dried.
Indirect immunofluorescence
After fixation (as described above) cells
were incubated with antibodies directed
against αB-crystallin. One monoclonal and
three different polyclonal antibodies were
used. The monoclonal (commercially
available at Riken Cell Bank, Japan)
antibody was used undiluted. Two
polyclonal antibodies, K80, directed
against a synthetic peptide of 13 residues
mimicking the C-terminus of mammalian
αB-crystallins (a gift of Dr. J. Horwitz)
and NCL-ABCrys directed against the first
10 amino acids (Novocastra Laboratories
Ltd) were diluted 1:50 in PBS. K80 was
affinity-purified against the above
mentioned synthetic C-terminal peptide of
αB-crystallin. The third polyclonal
antiserum used was also kindly provided
by Dr. J. Horwitz and directed against the
whole recombinant bovine αB-crystallin
(dilution was 1: 15 in PBS).
Epitopes of the four antibodies were
determined and confirmed by staining
western blots of domain swap mutants of
αΒ-crystallin with Hsp12.2 (a kind gift of
B. Kokke) containing the N-domain, C-
domain, C-terminal tail or combinations
thereof of αΒ-crystallin (Kokke et al.,
2001). The monoclonal antibody only
stained mutants containing the C-domain,
whereas the antibody directed against
whole recombinant αΒ-crystallin mainly
recognized the C-domain and, to a far
lesser extent, decorated mutants containing
the N-domain. The commercially available
antibody directed against the first ten
amino acids of αΒ-crystallin indeed only
stained the proteins containing the N-
domain. Finally, the affinity-purified
antibody directed against the C-terminal
tail only stained proteins containing this
tail (see appendix, figure 1).
Immunostaining with the affinity-purified
K80 was also performed after pre-
absorption against bovine αΒ-crystallin
and the synthetic C-terminus of αB-
crystallin. As a negative control for pre-
absorption, BSA and a second synthetic
peptide cf0 (a kind gift of Dr. G.
Schellekens), corresponding to amino acids
306-324 of filaggrin (Schellekens et al.,
1998), were used. Pre-absorption was
performed by rotating the antibodies with
the peptides overnight at room
temperature. Antibodies that were not pre-
absorbed underwent the same treatment.
The second antibody used after the
polyclonal first antibodies was a swine-
anti-rabbit FITC-conjugated antiserum
(DAKO). In case of the monoclonal first
antibody a rabbit-anti-mouse FITC-
conjugated antibody (DAKO) was used
subsequently. Both were diluted 1:50 in
PBS.
After fixation cells were subsequently
incubated with the antibody against αB-
crystallin and the FITC-conjugated
secondary antiserum for 1 h each in PBS.
In between, cells were washed three times
in PBS. Following staining, cells were
washed three times in PBS, once in
distilled water, once in methanol and air
dried. Glass slides were prepared for
confocal laser microscopy by mounting
them in a solution of 10 % mowiol
(Calbiochem) in 0.1 M Tris-HCl, pH 8.5,
25 % glycerol and 2.5 % azide as an
antifading agent. Slides were evaluated
using a BIO-RAD MRC 1000 confocal
laser scanning microscope (CLSM)
equipped with a Kr/Ar laser and COMOS
software. Images were collected using the
single channel option for fluorescein
isothiocyanate.
Isolation of nuclei: immunofluorescence,
association with the nuclear matrix, SDS-
PAGE, two-dimensional electrophoresis
and western blotting
Nuclei from 413B and H9C2 cell lines
were isolated as described previously
(Kampinga et al., 1989; Stege at al., 1994).
Briefly, cells were lysed on a dish with a
TX-100 lysis solution (0.1% TX-100, 10
mM NaCl, 0.1 mM PMSF and 10 mM
Tris-HCl pH8.0) and scraped with a rubber
policeman. After centrifugation (5 min at
1500 rpm) the pellet was resuspended in
the lysis solution and fixed for 2 hours
with 4% formaldehyde in TBST (TBS with
0.05% Tween). The fixed nuclei were
washed twice with TBS and resuspended
in 1 ml TBST. These nuclei, free of
cytoplasmic capping as judged by light
microscopy, were incubated overnight with
the affinity-purified antibody described
above. The antibody was diluted 1:100 in
TBST. After incubation, nuclei were
washed twice with TBST and incubated
with the same second antibody as
described previously. Finally, nuclei were
washed twice in TBST, resuspended in 70
% ethanol, spread on glass cover slips and
air-dried. Cover slips were prepared for
confocal laser microscopy by mounting
them in a solution of 10 % mowiol
(Calbiochem) in 0.1 M Tris-HCl, pH 8.5,
25 % glycerol and 2.5 % DABCO as an
antifading agent. Slides were evaluated by
confocal laser scanning microscopy as
described earlier.
Nuclei of H9C2 and 413B, isolated for
western blotting were treated as described
above, analyzed by SDS-PAGE (Laemmli,
1970) and immunoblotted (Towbin et al.,
1979). Blots were stained with the affinity-
purified antibody directed against αB-
crystallin (diluted 1:2000).
To isolate nuclear matrix proteins of 413B
cells, cells were trypsinized, washed with
cold PBS en resuspended in NT buffer (10
mM NaCl, 25 mM Tris-HCl, pH 8.0)
supplemented with 0.1 % Triton X-100.
The cell suspension was forced through a
21 gauge needle. These nuclei, free of
cytoplasmic capping as judged by light
microscopy, were centrifuged (5 min at
1500 rpm) to separate them from the
cytoplasmic fraction. Subsequently
histones and soluble non-histone proteins
were extracted by the addition of one
volume of 4 M NaCl (He et al., 1990;
Reyes et al., 1997). Fractions were
analyzed by SDS-PAGE and
immunoblotting.
For two-dimensional gel electrophoresis
(O’Farrel 1975), nuclei of 413B cells were
isolated as described for isolation of
nuclear matrix proteins. The nuclear
fraction and 1% of the cytoplasmic fraction
were used. After two-dimensional gel
electrophoresis, western blotting was
performed according to the method of
Towbin et al. (1979). The western blots
were stained using the monoclonal
antiserum (Riken Cell Bank) in a 1:500
dilution. As comparison for
phosphorylation a human eye lens protein
preparation was used.
Colocalization of αB-crystallin by indirect
immunofluorescence
413B cells on 12 wells glass slides were
washed twice with cold PBS (4 oC), fixed
in ice-cold methanol for 5 min (-20 oC),
washed with ice-cold acetone (-20 oC) and
air-dried. After fixation, the cells in 4 wells
were incubated with the affinity-purified
anti αB-crystallin antibody as described
previously. The second antibody used after
the polyclonal first antibody was a swine
anti-rabbit TRITC-conjugated antiserum
(DAKO). For the third step, staining of
proteins known to represent  several
nuclear structures, monoclonal antibodies
were used against P80, diluted 1:10 (a kind
gift of Dr. A. Lamont), 5E10 (a kind gift of
Dr. R. van Driel), diluted 1:10 and SC35
(SIGMA), diluted 1:100. The antibodies
stain representatives for coiled bodies,
PML bodies and speckles respectively.
Each antibody was used in a well already
stained for αB-crystallin and in a new well
as single control staining. This leaves one
of the 4 wells stained for αB-crystallin as a
control. The fourth step, the second
antibody in case of the monoclonal
antibodies was a goat-anti-mouse FITC-
conjugated antiserum (Santa Cruz
Biotechnology, Inc.), diluted 1:100 in PBS.
Glas slides were prepared for laser
scanning microscopy and analyzed as
described above. Images were collected
using the double channel option.
Cells were incubated with actinomycin
C1(Boehringer Mannheim), 20 µg/ml, 17h,
to change the SC35 pattern (Bergman et
al., 1995) by complexing with DNA and
thus inhibiting DNA-primed RNA
polymerase. After inhibition cells were
fixed and colocalilization of SC35 and αB-
crystallin was assessed as described earlier.
Glass slides were prepared for laser
scanning microscopy.
Results
αB-crystallin staining in nuclear speckles
The presence of αB-crystallin in cell nuclei
was initially assessed in seven cell lines,
with different constitutive expression
levels of αB-crystallin: human
retinoblastoma U87 and SK-M-NC,
ovarian carcinoma 413B and HeLa, rat
glioma C6 and cardiac myoblast H9C2,
and a NIH Swiss mouse embryo fibroblast
(NIH/3T3) line. In addition mouse primary
brain tumor cells (MT), derived from a
transgenic mouse strain overexpressing
αA-crystallin (de Rijk et al., 2000), were
used. CHO cells that do not express αB-
crystallin were used as a negative control
(Bhat et al., 1999). Cells were grown on
glass slides under regular culture
conditions, and reacted with an affinity-
purified polyclonal antiserum (K80)
against the C-terminal 13 residues of
bovine αB-crystallin. Confocal scanning
microscopy, after staining with a FITC-
conjugated second antiserum, showed a
speckled distribution of αB-crystallin-
reactive protein in the nuclei of all tested
cells, except CHO (see Fig. 1). Patterns
and intensities of staining are quite similar,
but size and number of speckles vary
amongst the cell types. Immunolabeling is
absent from the nucleoli, which appear as
unstained spaces between the speckles
(arrowheads in Fig. 1E). Horizontal optical
sectioning by laser scanning confocal
microscopy confirmed the intranuclear
localization of the speckles (not shown).
In contrast to the nuclear staining, the
cytoplasmic αB-crystallin showed
considerable differences between the cell
lines. A clear and diffuse cytoplasmic
staining was seen in 413B (Fig. 1A) and
H9C2 (Fig 1C) cells, which have indeed a
high αB-crystallin expression as
determined by immunoblotting (not
shown). Cells with intermediate αB-
crystallin levels on immunoblot showed
either a weak cytoplasmic coloring
(primary brain tumor cells; Fig. 1E) or a
high expression of αB-crystallin in the
cytoplasm of only part of the cells (C6;
Fig. 1F). In HeLa, NIH/3T3, SK and U87
cells, in which αB-crystallin is hardly
detectable by immunoblotting, no
cytoplasmic staining could be observed
(Figs. 1B, 1D, 1G and 1H, respectively).
Interestingly, in dividing cells (Fig. 1G,
arrows) αB-crystallin staining is located
throughout the cells, leaving the
chromosomes unstained. This
demonstrates that the nuclear speckles
where αB-crystallin staining is localized
with antiserum k80, are disassembled
during mitosis, and reassemble after
division.
To confirm the specificity of the
immunostaining of nuclear speckles and
cytoplasm, the affinity-purified antiserum
was blocked by pre-incubation with an










terminal peptide. Pre-incubation almost
completely abolished the
immunofluorescent staining in all cell
types, which was not the case when the
antiserum was pre-absorbed with BSA or a
control peptide (data not shown). To
further confirm the presence of nuclear
αB-crystallin, we also stained with two
other polyclonal and a monoclonal
antibody recognizing different αB-
crystallin epitopes (see Material and
Methods). Although these antibodies
readily reacted with cytoplasmic αB-
crystallin, none of them produced a
convincing   and    consistent   staining    of
nuclear speckles (data not shown). This
might be due to masking of their epitopes
by other proteins in the nucleus, or to the
absence of conformational epitopes in
nuclear αB-crystallin. Alternatively, the
fact that nuclear speckles are only detected
with the antiserum directed against the C-
terminus of αB-crystallin, might also
reflect that this antiserum cross-reacts with
an unrelated nuclear protein that has an
epitope resembling these 13 residues. This
possibility cannot be excluded altogether,
but as discussed below, seems to be
unlikely. In conclusion, the immuno-
fluorescence studies suggest that αB-
crystallin may be present in a speckled
pattern in the nuclei of a wide variety of
cells under normal culture conditions.
Nuclear αB-crystallin is not matrix-
associated and exists in phosphorylated
and non-phosphorylated forms
One may ask whether αB-crystallin in the
nucleus exists in a soluble form, or is it
part of Triton-insoluble nuclear structures?
Figure 2
Western blotting for αB-crystallin after SDS-PAGE of isolated nuclei, using the affinity-purified antibody.
A) Western blotting after SDS-PAGE of isolated nuclei. Lane 1: purified rat recombinant αB-crystallin; lane M:
pre-stained SDS marker (NOVEX); lane 2: H9C2 cell line; and Lane 3: 413B cell line. B) Western blotting after
SDS-PAGE of 413B nuclei before (lane 1) and after NaCl extraction (lanes 2 and 3), where lane 2 and lane 3
represent the supernatant and the pellet fraction, respectively.
Figure 1
Proteins in eight cell lines immunoreacting with an affinity-purified polyclonal antibody against the C-terminal
13 residues of αB-crystallin. Subsequent staining with a FITC-conjugated antiserum was monitored by confocal
laser scanning microscopy. A) human ovarian carcinoma 413B cell line; B) Hela cells; C) rat cardiac myoblast
H9C2 cell line; D) mouse fibroblast NIH/3T3 cell line; E) mouse primary brain tumor cells; arrowheads indicate
localizations of nucleoli; F) rat C6 glioma cell line; G) human retinoblastoma SK cell line; arrows indicate
mitotic cells with diffuse αB-crystallin immunostaining throughout the cell, excluding the chromosomes; H)
human retinoblastoma U87 cell line; I) Chinese hamster ovarian cell line; J) pre-absorbed serum on 413B cells.
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Western blot after two-dimensional gel electrophoresis of human eye lens proteins (panel A; from left to right:
non-, mono- and diphosphorylated αB-crystallin) the cytoplasmic fraction (panel B) and the nuclear fraction of
413B cells (panel C). The additional lower-right spot in B and C is an unidentified truncatrd form of αB-
crystallin. Staining was performed with monoclonal antibody against αB-crystallin.
To answer this question, nuclei from 413B
and H9C2 cells were isolated using Triton
extraction. Immunofluorescence of the
isolated nuclei showed a similar speckle-
like αB-crystallin pattern as was seen in
the nuclei of non-treated cells (data not
shown). SDS-PAGE and western blotting
of the nuclear fractions of the two cell lines
confirmed the presence of αB-crystallin
(Fig. 2A), suggesting that it is indeed
associated with a nuclear structure. To
further analyze whether αB-crystallin is
associated with the nuclear matrix, we
extracted the isolated nuclei of 413 B cells
with NaCl. Structural proteins of the
nuclear matrix or associated with it can
still be pelletted at an NaCl concentration
of 2 M (He et al., 1990; Reyes et al., 1997).
However, since αB-crystallin can be
extracted with 2M NaCl (Fig. 2B), it is  not
a  nuclear  matrix  or  matrix-associated
protein.
From the recent literature, it is known that
αB-crystallin is differentially
phosphorylated in response to various
forms of stress (Ito et al., 1997; van den
IJssel et al., 1998) and during cell division
(Kato et al., 1998). Since we identified αB-
crystallin in the cytoplasm as well as in the
nucleus it would be interesting to see if the
nuclear αB-crystallin is phosphorylated to
a different extent than the protein present
in the cytoplasm. We therefore performed
two-dimensional gel electrophoresis and
compared the phosphorylation status of
nuclear and cytoplasmic αB-crystallin in
413B cells using human lens proteins as a
control (Fig. 3). Cytoplasmic αB-crystallin
was largely in the unphosphorylated form,
as is usual in cell extracts. The ratio
between nuclear phosphorylated and non-
phosphorylated αB-crystallin was similar
to the ratio in the cytoplasmic fraction.
Nuclear αB-crystallin staining colocalizes
with splicing factor SC35
The speckled appearance of αB-crystallin
in the nucleus suggests that it is associated
with a nuclear structure such as replication
or transcription centers, or spliceosomes.





Colocalisation of aB-crystallin (red) with SC35 (green) in 413 B cells. Panels A, B and C control situation;
panels D, E and F after incubation with actinomycin C1. Panels C and F represent the superpositions of A and B,
and of D and E, respectively.
give an indication as to the possible role of
aB-crystallin in the nucleus.
Colocalization studies were therefore
performed with three antisera: against p80,
which is characteristic for so-called coiled
bodies (Ferreira et al., 994); against 5E10,
which characterizes nuclear matrix-
associated or PML bodies (Stuurman et al.,
1992); and against SC35, a splicing factor
that is characteristic for nuclear speckles,
or interchromatin granule clusters, where
splicing factors are stored and/or
reassembled (Spector, 1993).
The double labeling experiments revealed
that the nuclear aB-crystallin staining in
human 413B cells precisely colocalized
with the SC35 staining (Fig. 4A-C). No
colocalization of aB-crystallin with p80 or
5E10 could be observed (not shown). This
does indeed agree with the fact that most
splicing factors are concentrated in 20-40
speckles (Spector, 1993), the number of
nuclear spots as is also seen for aB-
crystallin. In contrast, PML bodies occur
as approximately 10-20 dots per nucleus
(Ascoli and Maul, 1991) and coiled bodies
as 1-10 dots per nucleus (Ferreira et al.,
1994).
When transcription is blocked by
actinomycin C1, the splicing factor SC35
redistributes into fewer but larger speckles
that might serve as storage compartments
for several nuclear proteins (Bergman et
al., 1995; Spector, 1996). Also in such
inhibited cells, nuclear aB-crystallin
staining completely colocalizes with the
SC35 staining (Fig. 4D-F). This consistent
colocalization may suggest that aB-
crystallin has a role in the protection of
proteins involved in the splicing
machinery.
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Discussion
Nuclear staining for αB-crystallin has been
reported by several authors, using antisera
directed against the C-terminal synthetic
peptide (Brzyska et al., 1998; Kato et al.,
1996; Bhat et al., 1999) and the first ten N-
terminal amino acids (Djabali et al., 1997).
It appears, however, that a pronounced
speckled pattern is only observed when
using an antiserum directed against the C-
terminal 13 residues of αB-crystallin. The
cytoplasmic staining for αB-crystallin
varies from absent to abundant, whereas the
nuclear staining appears similar in all tested
cell lines, apart from CHO cells (Fig. 1).
The nuclear αB-crystallin appeared to be
localized at specific regions of the nucleus
which by fluorescence microscopy appear
as dots. The Triton insolubility of nuclear
αB-crystallin suggests a rather tight
association with nuclear structures, but salt
extraction showed that it is not a matrix or
matrix-associated protein. It is noteworthy
that during mitosis, αB-crystallin is
transiently dispersed through the cell,
leaving the chromatin unstained (arrows in
Fig.1G). This suggests that the specific αB-
crystallin-containing nuclear complexes are
disassembled during division, followed by
reassembly and uptake into the reforming
daughter nuclei. Disassembly and
reassembly during cell division has been
shown for several nuclear structures, such as
coiled bodies (Brasch et al., 1992; Ferreira
et al., 1994; Spector et al., 1992) and
nuclear speckles containing DRS-proteins
(Bradner et al., 1997).
Although our results point to a nuclear
localization for αB-crystallin, we can only
provide indirect evidence to exclude the
possibility that the antiserum, directed
against the C-terminal tail, cross-reacts with
another protein located in the speckles.
First, the presence of a cross-reacting linear
epitope is less likely considering that an
EST search did not trace significantly
similar sequences. Second, western blotting
of isolated nuclei from 413B, H9C2, C6 and
the primary tumor cells with the affinity-
purified antiserum and the monoclonal
antibody did not display any other
conspicuously staining band than the
expected αB-crystallin (data not shown).
Third, pre-absorption of the antibody with
αB-crystallin or the synthetic C-terminal
peptide completely blocked the
immunofluorescent staining, showing that
the serum was truly affinity purified.
Fourth, CHO cells devoid of αB-crystallin
do show neither a nuclear nor a cytoplasmic
staining with the affinity-purified antibody.
And finally the antibody carrying the
fluorescent group is itself not decorating the
nuclear speckles (data not shown). We
therefore consider the speckled staining
with the antiserum K80 as suggestive to
represent authentic αB-crystallin.
Bhat et al. (1999) recently conditionally
expressed exogenous αB-crystallin in
transfected CHO-cells that do not normally
express this protein. The exogenous αB-
crystallin was detected both in the
cytoplasm and in the nucleus. As in our cell
lines, nuclear αB-crystallin relocalized
during cell division leaving the chromatin
unstained. After division the conditionally
expressed αB-crystallin reappeared in a
nuclear granular pattern, which is in
accordance with our data. However, in
contrast to our findings, where cytoplasmic
αB-crystallin staining appeared amorphous
as could be expected for a soluble protein,
the conditionally expressed αB-crystallin
appeared as granula both in the cytoplasm
and in the nuclei. It is possible that the
granular appearance of αB-crystallin in the
cytoplasm is due to the overexpression.
Kato et al. (1998) showed that
phosphorylation of αB-crystallin during
mitosis is enhanced at Ser-19 and Ser-45,
and suppressed at Ser-59. This means that
the three serine residues in αB-crystallin
can differentially be phosphorylated,
depending on cell type, cell cycle stage or
stimulating agent (Loktionova et al., 1996;
Ito et al., 1997; van den IJssel et al., 1998;
Kato et al., 1998).  In the experiments
presented here, prominent staining of αB-
crystallin was evident in mitotic cells,
clearly separate from the chromosomes.
Two-dimensional gelelectrophoresis
showed that phosphorylated as well as non-
phosphorylated αB-crystallin is present in
the nucleus and in the cytoplasm. However,
with this technique we are not able to
discriminate between the three different
serines that can be phosphorylated in αB-
crystallin. Therefore it is impossible to state
which serine is more abundantly
phosphorylated in the cytoplasm and which
one in the nucleus.
The location of αB-crystallin under
conditions of stress compared to control
situations has often been discussed (Djabali
et al., 1997; van de Klundert et al., 1998).
Most authors agree that αB-crystallin
moves from the Triton soluble to the
insoluble fraction of the cell upon different
types of stress (Ito et al., 1997).
Relocalization to a specific structure
presumably depends upon cell type. In
primary cardiac myocytes αB-crystallin
translocates to sarcomeric structures directly
after heat shock, suggesting a cytoskeletal
protective function for αB-crystallin
(Lutsch et al., 1997; van de Klundert et al.,
1998). Nicholl and Quinlan (1994) have
shown that small heat shock proteins
associate both with intermediate filaments
and their soluble subunits and, in vitro are
capable of inhibiting intermediate filament
assembly. In NIH 3T3 cells αB-crystallin
binds to type III intermediate filament
proteins peripherin and vimentin in response
to stress. This binding to intermediate
filaments was shown biochemically to be
temperature-dependent and ATP-
independent (Djabali et al., 1997). The latter
data led to the suggestion that cytoplasmic
αB-crystallin functions as a molecular
chaperone for intermediate filament
proteins, but the most striking confirmation
came from desmin-related myopathy in
which a mutation in αB-crystallin causes
intermediate filament aggregation (Vicart et
al., 1998). Der Perng et al. (1999) have
recently shown that Hsp27 and αB-
crystallin associate with intermediate
filaments in unstressed cells and that
filament interactions can be altered by
Hsp27 and αB-crystallin. Therefore, it
cannot be excluded that with or without
stress αB-crystallin binds to the cytoskeletal
network.
One may argue that culturing or transfection
per se are stress factors. It has been shown
(Brzyska et al., 1998) that heat shock of
primary oligodendrocytes resulted in
increased concentrations of αB-crystallin,
without any detectable changes in
intracellular localization. However, these
authors observed marked differences in the
localization of αB-crystallin in organotypic
cultures compared to dissociated cultures
(mostly cytoplasmic versus mostly nuclear
in a speckled distribution, respectively).
This suggests that the nuclear localization of
αB-crystallin is not simply a response to
stress.
The significance of the location of αB-
crystallin in the nucleus of unstressed cells
remains to be definitely elucidated. Singh et
al. (1998) suggested a DNA-binding motif
for α-crystallin, and observed that single
and double stranded DNA crosslinked
mainly with tetramers of α-crystallin
subunits. Colocalization with SC35 might
provide a clue for the function of αB-
crystallin in the nucleus. The results of
Misteli and co-workers (1997) show that
pre-mRNA splicing factors, to which SC35
belongs are recruited to places of gene
activation by dynamic redistribution to the
site of transcription. Inhibition of the
transcription machinery resulted in
relocalisation of SC35 from transcription
sites into bigger less numerous speckles
(Bergman et al., 1995; Spector et al., 1996).
The speckles with SC35 then act as storage
places for splicing factors from which they
can be supplied. The reasonably expected
presence of αB-crystallin in those speckles
might suggest that it serves a role in
protection or storage of these splicing
factors. αB-Crystallin as member of the
small heat shock protein family is known to
keep denaturing proteins in vitro in solution.
A role in protecting the very important
proteins of the splicing machinery might
explain the presence of αB-crystallin in
nuclear speckles. Since correct splicing is
such a crucial event the sHsp might be there
as a precaution or will be recruited due to
stress. Other factors or heat-shock proteins
might take over this suggested protective
function of αB-crystallin in cells, like CHO,
that lack αB-crystallin expression.
Appendix
Figure 1
Identification of the reactive domains of the four different anti-αB-crystallin antibodies by staining domain-swap
mutants of αB-crystallin with Hsp12.2 .
Panel A) Coomassie Brillant Blue staining of the different αB-crystallin domain swap mutants. Lane 1: low
molecular weight marker (Pharmacia); lane 2: swap-mutant containing the C-terminal tail (residues 151-175) of
αB-crystallin; lane 3: swap-mutant containing the N-domain (residues 1-67) of αB-crystallin plus C-terminal
tail; lane 4: αB-crystallin without the 18 terminal amino acids. Panel B to E) Corresponding western blots
stained with B) the antibody directed against the C-terminal tail of αB-crystallin; C) the antibody directed
against the first ten amino acids of αB-crystallin; D) the monoclonal antibody and E) the antibody against the
whole recombinant bovine αB-crystallin. Lane 1 in panels B-E: prestained marker (NOVEX).
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ABSTRACT Undesired side products of DNA transfec-
tions are usually discarded. However, here, we show that such
products may provide insight into mutational events that are
also a major driving force in protein evolution. While studying
the small heat-shock protein aA-crystallin, we transfected the
hamster aA-crystallin gene into a mouse muscle cell line. One
of the stable transfected cell lines expressed, in addition to the
expected normal aA- and alternatively spliced aAins-
crystallins, two slightly larger, immunologically cross-
reacting proteins. These proteins were found to be encoded by
a mutant aA-crystallin gene with a large intragenic duplica-
tion, arisen by illegitimate recombination at two CCCAT
homologies, ’1.8 kilobases apart in the normal hamster
aA-crystallin gene. As a consequence, a tandem-duplicated
exon 3 sequence is present in the mature mRNA of this gene,
resulting in a 41-residue repeat in the translated proteins.
Cells expressing the elongated aA-crystallins have normal
growth characteristics and the usual diffuse cytoplasmic
distribution of immunoreactive aA-crystallin. Size-exclusion
chromatography of cell extracts indicated that the mutant
proteins are readily incorporated into the normal large water-
soluble aA-crystallin complexes, showing that the insert does
not disturb the integrity of these complexes. This viable
aA-crystallin mutant thus mimics the origins and effects of
exon duplication, which is a common consequence of exon
shuff ling in mammalian genome evolution.
It is known that during passage of plasmid DNA in mammalian
cells, all sorts of mutations may spontaneously occur in the
transfected DNA (1). Therefore, when transfection of a gene
into eukaryotic cells yields aberrant products, the logical
reaction is to ignore and discard those cells. However, it should
be realized that transfection and other recombinant DNA
technology simply exploit the mutational processes normally
occurring in living organisms. Here, we show that paying
attention to ‘‘undesired’’ by-products of transfections may be
rewarding in terms of increasing our understanding of muta-
tional and evolutionary mechanisms.
To compare the intracellular properties of the various
mammalian small heat-shock proteins (sHsps), we routinely
transfect the corresponding genes into different cell lines.
Among the six known mammalian sHsps (2), a special position
is taken by the a-crystallins (3). a-Crystallin was first discov-
ered as a major structural eye-lens protein. It occurs as large
globular complexes of up to 700 kDa, composed of two related
types of 20-kDa subunits, aA- and aB-crystallin (4). In rodents
and some other mammals, a minor a-crystallin subunit is
present, resulting from alternative splicing of the aA-crystallin
gene transcript (5–7). This process yields, in addition to the
normal 173-residue aA-crystallin, the elongated aAins-
crystallin, with an insertion of 23 amino acid residues. The
insert is encoded by the optional exon 2, which is skipped in
80–90% of mRNA because of the presence of an adjacent
nonconsensus GC 59 splice site (6, 8). Like other members of
the sHsp family, a-crystallins have in vitro chaperone-like
activity, suppressing the aggregation of denaturing proteins
(9). The most conspicuous in vivo feature of a-crystallins is
their ability to confer thermotolerance on overexpression in
different cell types (10, 11).
Although aB-crystallin occurs in many tissues outside the
lens, notably in heart and striated muscle, aA-crystallin is
restricted essentially to the lens (12–14). To determine whether
aA-crystallin has diverged functionally from aB-crystallin in
the course of evolution, it is of interest to establish how
aA-crystallin behaves in cell types that are normally the
domain of aB-crystallin. Expressing the aA-crystallin gene in
a muscle cell line might help to answer this question. Doing so,
we observed that one of the stably transfected cell lines
expressed, in addition to the expected aA- and aAins-
crystallins, two immunologically cross-reacting proteins at high
levels. It seemed informative to identify those proteins and see
how viable they are in terms of interfering with normal cellular
functioning, complex formation, and chaperone-like capaci-
ties. Characterizing these products might shed light on the
recombinational processes taking place during passage of the
introduced DNA in the mammalian cells, as well as informing
us about the properties of spontaneously arising mutants of
aA-crystallin. Our analyses identified a mutant aA-crystallin
gene with a duplicated exon 3. This finding is in accord with
the hypothesis of exon shuffling (15), a theory that has recently
been tested experimentally by Gilbert et al. (16).
MATERIALS AND METHODS
Plasmid Construction and Transfection. To construct the
eukaryotic expression vector for aA-crystallin, an 8.1-kilobase
FspI–KpnI fragment containing the hamster aA-crystallin
gene under the vimentin promoter (pVim-aA) was taken from
a Puc-18 vector (17). The pVim-aA fragment was ligated into
the XbaI and SalI sites of a pCMV-neo vector, which contains
a neomycin-resistance cassette (18). By using the restriction
enzymes XbaI and SalI, the cytomegalovirus (CMV) promoter
was deleted from the pCMV-neo plasmid. All ligations were
made blunt-end.
Mouse skeletal muscle cells (C2C12) were grown as mono-
layers in DMEM with glutamax (GIBCO), supplemented with
20% (volyvol) FCS, penicillin G (100 unitszml21), and strep-
tomycin (100 mlzml21). Cells were transfected based on the
method developed by Graham and van der Eb (19) and
modified by Wigler et al. (20), and stable cell lines were
obtained by selection with gentamicin (GIBCO).
SDSyPAGE, Two-Dimensional Electrophoresis, and Immu-
noblotting. Samples for electrophoresis were prepared by
lysing the transfected cells in SDS sample buffer. The protein
content of the samples was estimated with the bicinchoninic
acid protein reagent (Pierce). One-dimensional SDSyPAGE
PNAS is available online at www.pnas.org.
Abbreviations: sHsp, small heat-shock protein; pVim-aA, hamster
aA-crystallin gene under the vimentin promoter.
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was performed according to Laemmli’s method (21), and
two-dimensional gel electrophoresis was performed essentially
as described by O’Farrell (22). After one- and two-dimensional
gel electrophoresis, Western blotting was performed according
to the method of Towbin et al. (23). A polyclonal rabbit
antiserum against bovine lens aA-crystallin and monoclonal
antibody Cr.I-1 (7) against rat aA-crystallin were used.
PCR Amplification and DNA Sequencing. Total RNA was
extracted from transfected cells by using Trizol (GIBCO).
cDNA was made by 39 rapid amplification of cDNA ends with
the aid of a 59y39 rapid amplification of cDNA ends kit
(Boehringer Mannheim). A degenerated forward primer was
designed on the basis of a conserved exon 1 sequence in the
hamster and mouse aA-crystallin gene (59-CCA-TTC-AGC-
ACC-CTT-GGT-TYA-ARC-G-39) and used in combination
with an oligo(dT) and an anchor primer (included in the kit).
The PCR product was ligated into the pGEM-T vector (Pro-
mega) and sequenced. After sequence determination, the
molecular masses and isoelectric points of deduced proteins
could be calculated with the aid of the computer program
GENERUNNER.
Chromosomal DNA was obtained from transfected cells by
using the extraction procedure of Blin and Stafford (24). To
amplify the genomic region of interest, a forward primer at the
39 end of exon 3 (59-GGC-AAG-CAC-AAT-GAG-AGG-
CAG-39) was combined with a reverse primer at the 59 end of
exon 3 (59-CTT-GTC-CCG-GTC-AGA-TCG-GAC-39). The
amplification cycle used denaturation at 94°C for 2 min,
annealing at 65°C for 1 min, and extension at 72°C for 70 s. The
PCR product was again ligated into a pGEM-T vector and
sequenced subsequently.
Size-Exclusion Chromatography. The molecular mass of
aA-crystallin complexes present in the transfected cell lines
was estimated by size-exclusion chromatography. Cells were
scraped from culture flasks in lysis buffer, and after centrif-
ugation the soluble fraction was applied onto a Superose 6 HR
10y30 prepacked size-exclusion column (Pharmacia). The
buffers used for lysis and elution have been described by
Lavoie et al. (25). Elution was performed at a flow rate of 0.5
mlymin, and 15% of each 1-ml fraction was analyzed by
SDSyPAGE and immunoblotting with the monoclonal anti-
body. Total calf lens protein was used for calibration.
RESULTS
Stable Transfection of the Hamster aA-Crystallin Gene
Yields Elongated By-Products. pVim-aA was transfected into
the mouse skeletal muscle cell line C2C12 by using the calcium
phosphate precipitation procedure. Among 12 stably trans-
fected lines, 11 showed—to different extents—expression of
aA- and aAins-crystallin, as assayed by Western blotting (not
shown). Surprisingly, one of the positive cell lines, pVim-aA7,
expressed, in addition to aA- and aAins-crystallin, two some-
what larger immunologically cross-reacting proteins (Fig. 1A).
This cell line and a line with high expression of aA- and
aAins-crystallin (pVim-aA11) were used for further compar-
ison and will be referred to as lines 7 and 11, respectively.
Two-dimensional gel electrophoresis of line 7 cell extract,
followed by immunoblotting, showed that the isoelectric points
of the two additional proteins lie between those of aA- and
aAins-crystallin (Fig. 1B). Their positions and proportions
relative to normal aA- and aAins-crystallin led us to name
them super aA-crystallin and super aAins-crystallin. From the
Western blots in Fig. 1 (see also Fig. 3B), it is difficult to
estimate the amounts of the super forms relative to normal aA-
and aAins-crystallin. It is clear, however, that both are ex-
pressed at considerable levels. Interestingly, and at variance
with earlier aA-crystallin transfections in HeLa cells (26),
conspicuous phosphorylation of the expressed proteins seems
to occur (arrowheads in Fig. 1B).
As for the viability of the transfected cells, it turned out that
line 7 cells, harboring the super forms, grew and divided as
readily as cells expressing only the normal aA- and aAins-
crystallins. Also, immunofluorescence studies of cell line 7, as
compared with cell line 11, showed no differences in pattern
or distribution of aA-crystallin immunoreactivity. In both cell
lines, the antiserum gave a similar homogeneous cytoplasmic
staining (data not shown).
Sequence Determination Identifies Exon Duplication by
Illegitimate Recombination. To establish the nature of the two
additional proteins, total RNA was extracted from cell line 7.
A 39 rapid amplification of cDNA ends was performed with a
forward primer corresponding to nucleotide positions 11–26 in
exon 1 of the aA-crystallin gene (see arrowhead a in Fig. 2A),
an oligo(dT) reverse primer, and an anchor primer. The
amplification products were ligated into a pGEM-T vector and
transformed into an Escherichia coli DH5a host strain. Re-
striction analyses identified four different amplification prod-
ucts. Sequence determination confirmed the presence of nor-
mal hamster aA- and aAins-crystallin mRNAs, whereas the
two other products contained a duplicated exon 3 (named 3*
in Fig. 2 A). No endogenous mouse aA-crystallin sequences
were encountered in the products. Translation of the dupli-
cated exon 3 should result in an additional 41 amino acid
FIG. 1. aA-crystallin immunoreactive proteins present in mouse C2C12 cells after stable transfection with the hamster aA-crystallin gene. (A)
Immunoblot after SDSyPAGE of total extracts from transfected cells with a high expression level of normal aA- and aAins-crystallin with masses
of 19.8 and 22.5 kDa, respectively (line pVim-aA11; left lane) and transfected cells expressing two additional aA-crystallin-like proteins: super
aA-crystallin and super aAins-crystallin (line pVim-aA7; right lane). Detection was achieved with a polyclonal anti-aA-crystallin antiserum. (B)
Immunoblot after two-dimensional electrophoresis of cell extract from line pVim-aA7. Detection was achieved with a monoclonal anti-aA-crystallin
antiserum. Arrowheads indicate presumed monophosphorylation products. The different ratios between the four aA-crystallin-positive proteins
in A and B resulted from the use of different antisera and staining conditions.
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residues in otherwise normal aA- and aAins-crystallins. The
length and composition of the duplicated sequence correspond
well with the observed apparent masses and isoelectric points
of the super proteins. The calculated molecular masses are
19.8, 22.5, 24.7, and 27.4 kDa, and the isoelectric points are
6.00, 6.67, 6.02, and 6.52 for normal aA-, aAins-, super aA-, and
super aAins-crystallin, respectively.
At this stage, it could be concluded that the mutant aA-
crystallin gene had originated from nonhomologous or illegit-
imate recombination between two copies of the transfected
hamster gene and that the mutant mRNA was alternatively
spliced like the normal rodent aA-crystallin mRNA. Although
utterly unlikely in recA2 E. coli, we verified whether the
recombination might have occurred already in the bacteria
before DNA isolation and transfection. Thorough PCR anal-
yses of the isolated plasmid gave no indication for such a
recombination. To reconstruct how the elongated mutant gene
had arisen, we analyzed the structure of this gene in the
chromosomal DNA from cell line 7. Because the site of
illegitimate recombination should be located between the
duplicated exons 3 and 3*, we performed PCR with a forward
primer complementary to the 39 end of exon 3 and a reverse
primer annealing to the 59 end of exon 3* (arrowheads b and
c in Fig. 2 A). The resulting amplification product was ’1.7
kilobases long. As shown in Fig. 2B (see the line under bottom
gene), sequence analyses identified, in this order, the expected
FIG. 2. Exon duplication in the super aA-crystallin gene. (A) Schematic representations of the super a-crystallin mRNAs as deduced from cDNA
sequencing. Exons are numbered below the mRNAs. Exon 2 is retained only in the alternatively spliced aAins-crystallin mRNA. The duplicated
exon 3 sequence is indicated as 3*. Numbers above the mRNAs give the amino acid residue positions corresponding to the 39 end of each exon
and the total coding region to indicate the lengths of the mutant proteins and inserted regions. Arrowheads point to the positions of the forward
primer (a), used to obtain cDNA, and the forward (b) and reverse (c) primers used for sequencing the mutant gene in the genomic DNA. (B)
Nonhomologous recombination between two copies of the transfected hamster aA-crystallin gene (top and middle genes). Introns are numbered
above the genes. Recombination has occurred at the position of the vertical dotted line, apparently facilitated by the CCCAT homologies in exon
2 and intron 3 (arrowheads). As a result, the super aA-crystallin gene (bottom gene) contains a 1.7-kilobase duplication resulting in a truncated
intron 3 (indicated as 32) and exon 2 (22), as well as an additional intron 2 (2*) and exon 3 (3*). Because the intron splice site between pseudointron
32 and pseudoexon 22 is lost, these sequences are combined with intron 2* to form the large intron 31 between the duplicated exons 3 and 3*.
The double arrow beneath the super gene indicates the region that was amplified by using primers b and c in Fig. 2A. The thicker part of this line
indicates the position of the sequence presented in Fig. 2C. (C) The sequence around the illegitimate recombination junction in intron 31 of the
super aA-crystallin gene is aligned with the 39 end of intron 3 and the 59 end of exon 2 of the normal hamster aA-crystallin gene. The switch from
the intron 3 to the exon 2 sequence occurs at the CCCAT homology at positions 596–600. Numbers above the sequence correspond to the position
in the hamster aA-crystallin intron 3 and exon 4.
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59 21 bp of exon 3; an almost complete intron 3 (32), which,
at the very end, changed into a 59 truncated exon 2 (22); a
complete intron 2 (2*); and finally, the expected 39 21 bp of the
next exon 3 (3*).
Evidently one hamster aA-crystallin gene has illegitimately
recombined at a site located at the 39 end of its intron 3 (Fig.
2B, middle gene) with a site at the 59 end of exon 2 of another
hamster aA-crystallin gene (Fig. 2B, top gene). The sequence
of this transition zone in the mutant gene allows us to identify
the position of the site of illegitimate recombination more
precisely. Up to position 600, this sequence (presented as
intron 31 in Fig. 2C) is identical to the normal intron 3 (top
sequence), and from position 596 onward it is identical to the
normal exon 2 (bottom sequence). The overlapping 5-bp
sequence CCCAT (bold and underlined) is present both in the
normal exon 2 and in the normal intron 3 (see arrowheads in
Fig. 2B) and must have provoked the illegitimate recombina-
tion between two copies of the transfected aA-crystallin gene.
The recombination event leaves a 59 truncated second exon 2
in the mutant gene (22 in Fig. 2B), which thus becomes part
of the third intron of that gene (31).
The Super Forms Are Normally Incorporated into the Large
a-Crystallin Complexes. One might imagine that a large
insertion, such as the 41 amino acid residues encoded by the
duplicated exon 3, would interfere with normal folding, sta-
bility, and complex formation of aA-crystallin. To assess
whether super aA-crystallin and super aAins-crystallin are
indeed incorporated into the large and soluble complexes
normally formed by aA-crystallin and aAins-crystallin, soluble
cell extracts from lines 7 and 11 were analyzed by size-exclusion
chromatography. After scraping the cells in lysis buffer, the
super a-crystallins were found in the soluble fraction, together
with the normal forms. The elution profiles of the extracts of
cell lines 7 and 11 were very similar (Fig. 3A, profiles 2 and 3,
respectively). SDSyPAGE of the eluted fractions followed by
Western blotting with aA-crystallin antiserum (Fig. 3B)
showed that, for both cell line 7 and 11, the immunoreactive
proteins had elution times similar to control calf lens a-crys-
tallin, between 12 and 30 min (compare profile 1 in Fig. 3A).
Notably, no later eluting smaller complexes or monomers were
observed in either cell line.
The complexes containing super aA-crystallin and super
aAins-crystallin start to elute earlier than the aA-yaAins-
crystallin complexes (Fig. 3B, Upper vs. Lower). This fact may
be attributed to the mass of the 41-residue insert in the super
subunits. Also, the a-crystallin complexes in cell line 7 elute
over a broader range than those in line 11, which indicates a
greater dispersal of the former complexes. It also seems, as
shown in Fig. 3B (Upper), that the ratios of the four subunits
vary with the elution time; the super forms tend to be more
prominent in the earlier eluting fractions. However, it may be
concluded that even the 64-residue insert in super aAins-
crystallin, as compared with normal 173-residue aA-crystallin,
constitutes no detectable hindrance for its regular integration
into the large and soluble a-crystallin particles.
DISCUSSION
How Did the Super aA-Crystallin Mutant Arise? Before
integration into the genome, transfected circular plasmid
vectors are randomly cleaved and may form, by homologous
recombination, concatamers in which arrays of monomers are
oriented in the same direction (27–29). These concatamers
integrate into the chromosomes by illegitimate recombination,
doing so preferentially at unstable loci where frequent double-
strand breaks and rearrangements occur (28). Joining of
transfected and chromosomal DNAs is clearly facilitated by
short regions of identity, from 1 to 5 bp, at the junction points
of illegitimately recombining DNA molecules (28, 30, 31).
Illegitimate recombination requires double-strand breaks, fre-
quently followed by 593 39 and 393 59 exonuclease process-
ing, allowing single-strand annealing at short homologous
sequences (31). In our case, introduction of the pVim-aA
expression vector into mouse C2C12 cells has resulted in
illegitimate recombination between two copies of the trans-
fected hamster aA-crystallin gene. The recombination has
apparently been triggered by the short homologies CCCAT in
exon 2 and intron 3. Interestingly, this sequence also contains
a preferred triplet sequence, CAT, for nicking by topoisom-
erase I, which is known to be directly involved in illegitimate
recombination (32). It is difficult to decide whether the
illegitimate recombination has occurred before or after the
FIG. 3. Complex size of a-crystallin expressed in transfected mouse C2C12 cells. (A) Elution profiles after size-exclusion chromatography
(Superose 6) of (i) calf lens soluble proteins, (ii) extract of cell line 7, and (iii) extract of cell line 11. Calf lens a-crystallin complexes have a mass
of ’700 kDa. (B) Western blotting after SDSyPAGE of Superose 6 fractions from cell line 7 (Upper) and cell line 11 (Lower). Lanes are numbered
according to the elution times shown in A. Blots are stained with a monoclonal anti-aA-crystallin antiserum.
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chromosomal integration, although the former seems more
likely. In any case, the hamster-specific sequence of the super
aA-crystallin gene showed that the endogenous mouse gene
had not been involved in the recombination and integration
process.
Evolutionary Lessons from a Transfection ‘‘Artifact.’’ Gene
transfections make use of the regular DNA repair and rear-
rangement mechanisms that continuously operate on the
mammalian genome. Illegitimate recombination plays a pre-
dominant role in these processes (33). However, amazingly
little is known about its mechanisms and genetic control (32).
Causing deletions, translocations, and amplifications, illegiti-
mate recombination is a rich source of genetic variation, the
raw material for evolutionary change. It affects both chromo-
somal and extrachromosomal DNA. Because extrachromo-
somal small circular DNAs occur abundantly in eukaryotic
cells (30), it is realistic to liken artifacts, such as those described
in this paper, to the possible pathways of molecular evolution.
Illegitimate recombination is a major innovative force in
protein evolution, generating novel combinations of protein
domains by exon shuffling (15). Interestingly, although exon
shuffling will mostly occur by recombination in introns, our
mutant aA-crystallin gene shows that recombination between
an exon, albeit a short and optional one, and an intron may
occur as well. It has been estimated that at least 19% of all
exons have been involved in shuffling events (34). Duplicated
exons, too, occur abundantly; at least 6% of all exons in the
human genome have recognizably arisen by exon duplication
(35). A prerequisite for effective exon duplication is that the
involved exons need to be symmetrical with respect to adjacent
intron phases. If they are not, the reading frame will be shifted
at the junction of the duplicated exons. Also, the viable exon
duplication in our super gene has been possible, because the
introns flanking exon 3 are both in phase 0, interrupting the
reading frame in between two codons. We may conclude that
the exon-duplication mutant of aA-crystallin that we have
trapped reflects authentic protein evolutionary mechanisms
and fits the idea that exon shuffling has a fundamental role in
increasing gene diversity (36).
Structural Implications of Exon Duplication in the Super
aA-Crystallins. The haphazard insertion, addition, or dupli-
cation of a whole domain in a protein that has been molded
during hundreds of millions of years of adaptive evolution is
most likely to frustrate the integrity of that protein. Only rarely
will such a major recombination be favorable, yielding a
‘‘hopeful monster’’ (37) at the protein level, with novel and
useful properties as already predicted by Gilbert (15) in his
classic 1978 paper. It will most often lead to ‘‘hopeless’’ or at
best ‘‘neutral monsters’’. Our super aA-crystallins probably
belong to the latter category, considering that the duplication
of 41 residues does not detectably interfere with their in vivo
viability. The mutant proteins, present at levels similar to the
wild-type aA-crystallins (Fig. 1), are not rapidly degraded,
have a normal cytoplasmic distribution, do not disturb cell
growth, and are incorporated into normal a-crystallin com-
plexes. It seems surprising that a gross structural intrusion can
be accommodated by aA-crystallin, which is evolutionarily
highly conserved, not having accepted even a single amino acid
replacement in the murine rodent lineage for at least 60 million
years (38).
This paradox resembles the enigmatic evolutionary origins
of aAins-crystallin, which must have occurred more than 100
million years ago (7). The 23-residue insert in aAins-crystallin
can probably be accommodated as a bulge at the surface or in
any internal space of the a-crystallin complex (39). This
situation might apply as well for the 41-residue duplication in
super aA-crystallin, which is right next to the insert in aAins-
crystallin. Cryo-electron microscopy studies of aB-crystallin
complexes identify a highly variable and roughly spherical
protein shell around a large central cavity (40). A more regular
hollow spherical complex composed of 24 subunits is reported
for the crystal structure of the sHsp from Methanococcus
jannaschii (MjHSP16.5; ref. 41). It would seem, by comparison,
that exon 3 of aA-crystallin codes for three b-strands in the
Ig-like fold of the conserved C-terminal domain of the sHsp
monomer. The more flexible quaternary structure of the
a-crystallins might well allow accommodation of the dupli-
cated b-strands of the super aA-crystallin monomer, either in
the central cavity or at the surface. Indeed, an alignment of
sHsp sequences from very diverse organisms indicates that
major length variation is allowed only in specific regions,
notably around the site where the inserts in aAins- and super
aA-crystallins are located (3).
Of course, the survival of a mutant protein in a heterologous
cell line is not directly comparable with the ‘‘real life’’ long-
term constraints acting in evolution. It nevertheless means that
the mutant has passed a first and crucial test, being stable and
able to cope with the intracellular environment. Therefore, the
super aA-crystallins form a realistic model for studying the
evolutionary latitude of the structure–function relationships of
the sHsps. Also, in the case of transfection experiments with
other genes, it may be rewarding to take advantage of the
natural and preselected mutational creativity of the genes
themselves, rather than to ignore and discard any unexpected
by-products.
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Abstract KA-Crystallin, a small heat shock protein with
chaperone-like activity, forms dynamic multimeric complexes.
Recently we described the spontaneous generation of a mutant
protein (super KA-crystallin) by exon duplication arisen via
exon shuffling confirming a classic hypothesis by Gilbert [Nature
271 (1978) 501]. Comparison of super KA-crystallin, which is
viable in a mouse skeletal muscle cell line, with normal KA-
crystallin shows that it has diminished thermostability, increased
exposure of hydrophobic patches, a larger complex size and lost
its chaperone activity. However, super KA-crystallin subunits
exchange as readily between complexes as does normal KA-
crystallin. These data indicate that chaperone-like activity may
vanish independent of subunit hydrophobicity and exchange-
ability. ß 2000 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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Exon shu¥ing
1. Introduction
Among the seven known human small heat shock proteins
(sHSPs) [1,2], a special position is taken by K-crystallin [3].
This protein was ¢rst discovered as a major structural eye lens
constituent and occurs as large globular complexes of up to
800 kDa, composed of two related subunits of 20 kDa, KA
and KB [4]. While KB occurs in many tissues outside the lens,
notably in heart and striated muscle, KA is essentially re-
stricted to the lens [5^7]. Like other members of the sHSP
family, K-crystallins display in vitro chaperone-like activity,
suppressing the aggregation of denaturing proteins [8]. The
most conspicuous in vivo feature of K-crystallins is their abil-
ity to confer thermotolerance upon overexpression in di¡erent
cell types [9].
With the discovery of super KA ^ a product of exon shuf-
£ing in a mouse skeletal cell line transfected with the hamster
KA gene [10] ^ we now have access to a new KA-crystallin
with a large insertion. The gene encoding super KA has arisen
by illegitimate recombination at two CCCAT similarities in
the normal hamster KA gene. As a consequence, a tandem-
duplicated exon 3 is present in the mature mRNA, resulting in
a 41-residue repeat in the translated protein. Super KA, ex-
pressed at levels similar to the wild-type, shows normal in vivo
stability and cytoplasmic distribution, and does not disturb
cell growth. Size exclusion chromatography shows that it is
incorporated into normal K-crystallin complexes. The dupli-
cation of 41 residues thus does not interfere with the in vivo
viability of super KA. Surprisingly the gross structural intru-
sion can be accommodated by the evolutionary highly con-
served KA-crystallin molecule, that has not even accepted a
single amino acid replacement in most rodent lineages for at
least 60 million years [11]. Since super KA is a viable protein,
the study of the structural and functional properties of this
new KA may shed light on the formation and stability of
normal K-crystallin complexes and its chaperone-like activity.
With this in mind we examined the morphology and size of
the super KA homomultimer, its behavior during the chaper-
one assay, heat stability, exposure of hydrophobic patches
and its ability to interchange subunits with normal KA homo-
multimer complexes. The latter two parameters are considered
to be important determinants of chaperoning capacity [12,13].
2. Materials and methods
2.1. Plasmid construction
Total RNA was isolated from C2C12 cells expressing hamster KA
and super KA. cDNA was made by the 5P^3P rapid ampli¢cation of
cDNA ends kit of Boehringer Mannheim [10]. After PCR using spe-
ci¢c primers, with an Nde1 restriction site at the ATG and a BamH1
restriction site at the stop codon, the obtained cDNAs were ligated
into a pGem-T vector (Promega), cut out of this vector with proper
restriction enzymes and ligated into the prokaryotic expression vector
pET3a.
2.2. Expression and puri¢cation of recombinant super KA
The expression vectors were transformed in the host Escherichia coli
Bl21(DE3)plysS. Induction and cell lysis were essentially as described
by Merck et al. [14]. Hamster KA was puri¢ed from the water-soluble
fraction of a cell lysate. This fraction was dialyzed against DEAE
starting bu¡er (50 mM NaCl, 1 mM EDTA, 20 mM Tris^HCl, pH
7.5 and applied onto a DEAE-Sepharose column (Pharmacia-LKB).
The mobile phase was a gradient from 50 mM to 500 mM NaCl in
1 mM EDTA, 20 mM Tris^HCl, pH 7.5 at a £ow rate of 3 ml/min.
Fractions of KA were pooled, dialyzed against demineralized water
and lyophilized.
Super KA was puri¢ed from the water-insoluble cell lysate fraction
using a DE52 anion exchange column under denaturing conditions.
This fraction was directly stirred in DE52 starting bu¡er (6 M urea,
0.02% L-mercaptoethanol (vol./vol.), 5 mM Tris^HCl, pH 8.0) at 4‡C
(2 h), centrifuged (15 000Ug, 30 min), dialyzed against DE52 starting
bu¡er and separated on a DE52 column. The mobile phase was a
gradient from 5 mM to 0.1 M Tris^HCl, pH 8.0 in 6 M urea and
0.02% L-mercaptoethanol (vol./vol.), at a £ow rate of 0.2 ml/min.
DE52 fractions of super KA were pooled, dialyzed against water
and lyophilized.
2.3. Reconstitution
For structural and functional studies KA and super KA were re-
folded under identical conditions. Lyophilized protein was dissolved
in denaturing bu¡er, 20 mM Na2SO4 and 20 mM NaPi at pH 6.90
(bu¡er P) containing 6 M urea and 0.02% L-mercaptoethanol (vol./
vol.), incubated on ice for 1 h and diluted with bu¡er P containing
1 M urea and 0.02% L-mercaptoethanol (vol./vol.). Subsequently, the
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solution was dialyzed against bu¡er P and used in the following ex-
periments.
2.4. Gel permeation
An LKB Bromma HPLC system was used in combination with a
Superose 6HR 10/30 prepacked size exclusion column (Pharmacia
LKB) for analysis of aggregate sizes. Samples contained 500 Wg of
super KA and bovine KA (gift of Martinus van Boekel) and 100 Wg of
hamster KA, in 1 ml of bu¡er P. The mobile phase was bu¡er P at a
£ow rate of 0.5 ml/min. Absorbance was monitored at 225 nm. Puri-
¢ed recombinant hamster KA, super KA and puri¢ed bovine KA were
dissolved in bu¡er P containing 6 M urea and 0.02% L-mercaptoeth-
anol (vol./vol.) and reconstituted as written above.
2.5. Electron microscopy
Lyophilized, puri¢ed recombinant hamster KA, super KA and pu-
ri¢ed bovine KA, after reconstitution were applied onto a copper grid
coated with formvar and carbon. After 5 min excess liquid was re-
moved using ¢lter paper. The proteins were counterstained with 1%
uranyl acetate (thrice 30 s). Dried grids were examined in a Jeol 1210
electron microscope at 80 kV.
2.6. Chaperone-like activity
Chaperone-like activity was determined essentially as described by
Farahbakhsh et al. [15]. Various amounts of super KA and recombi-
nant rat KB (a gift of Bas Kokke) were pre-incubated with 248 Wg
bovine pancreas insulin (3 min at 40‡C). Denaturation of insulin was
initiated by adding 20 Wl of 1 M dithiothreitol and light scattering was
measured for 15 min at 360 nm using a Perkin-Elmer Lambda 2 UV^
vis spectrophotometer equipped with a thermostated circulating
water-bath at 37‡C and a thermocouple. The total volume was 1 ml.
All solutions were in bu¡er P.
2.7. ANS £uorescence
Hydrophobicity by means of 1-anilinonaphthalene-8-sulfonic acid
(ANS) binding was measured essentially as described by Smulders et
al. [16]. The hydrophobicity of, super KA, KA (rat) and KB (bovine, a
gift of Gerard Stege), was determined, 75 Wg protein of each was used.
The excitation wavelength was set to 380 nm with a bandpass of
10 nm. The emission spectra were recorded at 25‡C over a range of
420^520 nm with a 10 nm bandpass using a Shimadzu RF-5301 PC
spectro£uorometer with a thermostated circulating water-bath. All
conditions were chosen to minimize inner-¢lter e¡ects [17].
2.8. Thermostability
Light scattering was measured from 20 to 70‡C at 360 nm using a
Perkin-Elmer spectrophotometer (see above). 700 Wg of protein, ham-
ster KA and super KA, were used; the total volume was 1 ml. All
solutions were in bu¡er P.
2.9. Subunit exchange
Fluorescence resonance energy transfer was employed to determine
subunit exchange between multimeric super KA and multimeric ham-
ster KA complexes over a time period of 110 min at di¡erent temper-
atures, essentially as described by Bova et al. [18]. The emission in-
tensity at 415 nm of the sample excited at 335 nm was recorded using
a Shimadzu RF-5301 PC spectro£uorometer as described above.
Hamster KA was labeled with 4-acetamido-4P-((iodoacetyl)amino)stil-
bene-2,2P-disulfonic acid (AIAS) as an energy donor and super KA
was labeled with lucifer yellow iodoacetamide (LYI), which is an
energy acceptor. In a control experiment rat KA was labeled with
the energy donor or with the energy acceptor. The di¡erently labeled
complexes were mixed.
3. Results
3.1. Expression and puri¢cation of recombinant super KA
To obtain the recombinant hamster KA and super KA, total
RNA was extracted from C2C12 cells producing these pro-
teins [10]. cDNAs were constructed via PCR with primers for
the hamster KA gene. Since the super KA gene contains addi-
tionally only a duplicated exon 3 the same primer set could be
used for both cDNAs, which were cloned into a pET3a pro-
karyotic expression vector and transfected into E. coli. Water-
soluble and -insoluble fractions of cell lysates were analyzed
for the presence of the recombinant proteins. As expected
hamster KA protein was found in the water-soluble fraction,
the super KA protein appeared in the water-insoluble fraction.
Proteins were puri¢ed as described in Section 2.
3.2. Gel permeation analysis
To check the nature of the complexes of bovine KA, re-
combinant hamster KA and super KA (all refolded) were sub-
jected to size exclusion chromatography. Recombinant ham-
ster KA and reconstituted bovine KA homomultimers
appeared to have masses of about 650 kDa. Super KA dis-
played a higher molecular mass as demonstrated by the small-
er elution volume, directly after the void volume of the col-
umn (Fig. 1). The size of super KA was calculated to be at
least 3000 kDa as extrapolated from hamster KA (molecular
mass obtained from size exclusion chromatography used in
combination with particle diameter derived from the electron
micrograph to determine the volume). Since the monomeric
super KA has a molecular weight of 25 kDa [10], the larger
multimeric size of super KA is only to a minor extent due to
this bigger mass, but must rather be due to a higher amount
of the approximately 40 subunits of normal KA.
3.3. Electron microscopy
Electron microscopical analysis reveals that bovine KA (not
shown) and recombinant hamster KA (Fig. 2A) form more or
less globular particles. However, the super KA particles ap-
pear not only signi¢cantly larger than normal KA (compare
Fig. 2A and B) they also have the tendency to form rod-like
particles. The width of the rods is identical with the diameter
of the globular super KA particles. Therefore, it cannot be
excluded that a particle appearing globular is actually seen
from the top of a rod-like structure. Di¡erences in size ob-
served for super KA, might be explained by the fact that the
¢rst peak in the elution pro¢le is tailing.
3.4. Chaperone-like activity
Super KA chaperone-like activity was tested by means of
the insulin assay in which reduction of the interchain disul¢de
Fig. 1. Size exclusion chromatography. Bovine and hamster KA
elute at the same column volume, whereas super KA elutes much
earlier, re£ecting a larger complex size. Elution times for molecular
weight markers (in kDa) are indicated by arrows.
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bonds by DTT results in precipitation of aggregated B-chains,
whereas the A-chains remain in solution. Fig. 3 shows the
inability of super KA to prevent the aggregation of insulin.
At equal masses of super KA to insulin (100%) even a higher
relative absorption is seen than with insulin alone. The pos-
itive control, KB-crystallin, at 100% fully prevents insulin
from aggregation. This means that also super KA tends to
aggregate, whereas normal KA at 100% shows a good protec-
tion although to a lesser extent than KB [19].
3.5. ANS £uorescence
Structural changes in K-crystallin that induce exposure of
hydrophobic surfaces can increase chaperone-like activity [12].
To determine whether the extra exon 3 a¡ects the hydropho-
bicity of super KA, we have assessed this protein for its ability
to bind the £uorescent probe ANS at its exposed hydrophobic
patches. Fig. 4 shows that super KA has an intermediate abil-
ity to bind ANS compared to KB and KA. Obviously the
£uorescence intensity of the protein in bu¡er without ANS
or bu¡er containing just ANS can be neglected. As super
KA has better ANS-binding than KA, surface hydrophobicity
cannot explain the observed di¡erences in chaperone-like ac-
tivity.
3.6. Thermostability
To determine whether the thermostability of super KA is
conserved, recombinant reconstituted hamster KA and super
KA were heated and the absorption was monitored at 360 nm
as a function of temperature. Fig. 5 shows that super KA
rapidly starts to precipitate at 45‡C, whereas wild-type ham-
ster KA remains in solution until at least 70‡C.
3.7. Subunit exchange
Subunit exchange as a measure of complex £exibility was
analyzed by the £uorescence energy transfer (FRET) assay by
mixing two labeled homomultimer complexes, one of super
KA labeled with the energy acceptor (LYI) and another of
hamster KA, labeled with the energy donor (AIAS). Time-de-
pendent changes in emission intensity due to subunit exchange
were determined. Fig. 6 shows that super KA can perfectly
Fig. 2. Electron micrographs of recombinant hamster KA (A) and
recombinant super KA (B). Bar = 50 nm. Hamster KA complexes ap-
pear globular; super KA is more rod-like.
Fig. 3. Ability of increasing amounts of recombinant super KA to
prevent DDT-induced aggregation of insulin. Aggregation of insulin
is given as a function of time in the absence and presence of super
KA. The super KA to insulin mass ratios (weight/weight) are indi-
cated as percentages. As a positive control recombinant KB was
used at a 100% mass ratio. Super KA itself is not denatured by
DTT (not shown).
Fig. 4. ANS £uorescence spectroscopy of recombinant rat KA, super
KA and bovine KB. Note that the bu¡er containing protein (pattern
B) and the bu¡er containing ANS (pattern A) show negligible £uo-
rescence.
Fig. 5. Thermostability of recombinant hamster KA and super KA.
Aggregation is given as a function of time and temperature.
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exchange subunits with KA. The exchange rate is the same as
between normal rat KA complexes labeled with energy donor
and acceptor molecules at 37‡C. For rat KA at 4‡C, no ex-
change was detected (negative control). Rat KA labeled with
the energy donor is used as a control for £uorescence at 37‡C.
No decrease in £uorescence is detected without an energy ac-
ceptor.
4. Discussion
Duplication of exon 3 due to exon shu¥ing has a major
impact on the properties of super KA. Compared to the nor-
mal K-crystallin both structure and function are altered. From
the results presented above we must conclude that the name
‘super KA’, as given in the previous paper because of its larger
subunit and complex size [10], is less appropriate when we
consider its greatly diminished chaperone-like capacity. At
the time this name was introduced no data concerning its
function were available yet, except that normal incorporation
in the K-crystallin complexes and normal phosphorylation of
super KA took place in C2C12 cells [10].
Protein sequence alignment of Methanococcus jannaschii
Hsp16.5 with KA [20] and secondary structure prediction of
KA-crystallin [21] led us to extrapolate the L-strands observed
in the crystal structure of Hsp16.5 to super KA. From these
data we conclude that part of the L2-strand and the L3-, L4-
and L5-strands as found for Hsp16.5 [20] are duplicated in
super KA. Obviously, this duplication does not seriously ham-
per the viability of super KA in vivo [10]. Similarly, our re-
combinant super KA behaves as a properly folded protein.
This is most apparent from the fact that, as shown by the
FRET-assay (Fig. 6), super KA readily exchanges subunits
with normal KA, and thus must be structurally compatible.
Also the limited increase of exposed hydrophobic patches seen
in super KA suggests that the protein is correctly folded.
That such an insert of 41 residues can readily be accommo-
dated in an otherwise normal KA subunit is not too surpris-
ing. Super KA is in that respect comparable to KAins-crystal-
lin, a product of alternative splicing of the KA gene transcript
in rodents and a few other mammals [22,23]. KAins-crystallin
has a 23-residue insertion at the same position as in super KA,
and is normally incorporated into the eye lens K-crystallin of
these animals. KAins-crystallin forms, like super KA, larger
complexes than normal KA and shows reduced chaperoning
capacity [24].
Two parameters are considered to be most important for
the chaperone-like capacity of sHSps: the exposure of hydro-
phobic areas, and the ability of sHSp complexes to dissociate
and re-associate [12,13,18,21] In KA, hydrophobic patches in-
volved in chaperoning have been pinpointed to residues 50^54
and 79^99 [25]. The ¢rst patch is encoded by exon 1, the
second and larger one by exon 3. As to the second patch, a
synthetic peptide corresponding to residues 70^88 shows
chaperone-like activity by itself, con¢rming that this sequence
in KA is a true chaperone site [26]. Despite the fact that this
sequence is present twice in super KA, the protein has no
chaperone-like activity at all. This suggests that in super KA
these chaperone sites are not accessible because of conforma-
tional changes brought about by the duplication. Alterna-
tively, or additionally, the greatly decreased thermostability
of super KA ^ re£ecting a lesser overall structural stability ^
likely contributes to the reduction of chaperone-like activity.
We may conclude that for super KA no positive e¡ect of
exposure of hydrophobic patches on chaperone activity does
exist, in accordance with the behavior of various other KA
mutants [16]. Also Reddy et al. [27] recently con¢rmed that
surface hydrophobicity is not the sole determinant of the
chaperone activity of K-crystallin.
Chaperone assays re£ect the di¡erences between the kinetics
of substrate aggregation and the binding of substrate to the
chaperone. This dynamic model of chaperone function, as
long as the exposure of binding sites is the rate limiting step
in the assay, predicts a dependence of the chaperone e⁄ciency
on the stability of the oligomeric state. Although super KA is
less heat-stable than normal KA, it exchanges subunits (a pro-
cess that is supposed to be the rate limiting step in the chap-
erone-like activity [13,18,21]) as easily as normal KA. There-
fore, the conclusion as stated by Koteiche and Mchaourab
[21] ‘when the dynamic threshold of function is lowered by
an increase in temperature or a mutation-induced destabiliza-
tion of the storage state one should expect an increase in the
chaperone e⁄ciency’ is not tenable for super KA.
Fig. 6. Decrease in relative £uorescence due to subunit exchange as a function of time after mixing equal amounts of donor- and acceptor-la-
beled homomultimers at 37‡C. Subunit exchange is monitored between recombinant AIAS-labeled hamster KA with recombinant LYI-labeled
super KA (hamster/super 37‡C) and between recombinant labeled rat homomultimers (rat/rat 37‡C). Note that rat KA homomultimers do not
show a change in emission spectra when kept at 4‡C (rat/rat 4‡C). No decrease in £uorescence intensity at 37‡C could be observed when no en-
ergy acceptor was present in solution (rat 37‡C).
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With regard to multimerization, heat stability and chaper-
one-like activity, super KA behaves like a mutant found in
man (R116C) which also shows a larger complex size, reduced
chaperone-like activity and lower heat stability [28]. The R116
is a buried amino acid in a stretch of residues 109^120 that
have been shown to form contacts between equivalent strands
from neighboring subunits [21]. Adding an extra exon that
leads to a change in the direct environment of R116 may
disrupt the two-fold symmetric interface. The 41-residue re-
peat, as well as the R116C mutation with a decrease in pos-
itive charge, may lead to an alternative dimerization motif in
super KA. This leads to conclude that arginine 116 in human
and its surrounding as seen in our mutant are very important
in maintaining the structure and function of KA-crystallin.
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Summary. Homozygous mice transgenic for aA-crystallin, one of the struc-
tural eye lens proteins, developed hindlimb paralysis after 8 weeks of age. To
unravel the pathogenesis of this unexpected ®nding and the possible role of
aA-crystallin in this pathological process, mice were subjected to a histo-
pathological and immunohistochemical investigation. Immunohistochemistry
showed large deposits of aA-crystallin in the astrocytes of the spinal cord, and
in the Schwann cells of dorsal roots and sciatic nerves. Additionally, micro-
scopy showed dystrophic axons in the spinal cord and digestion chambers as
a sign of ongoing demyelination in dorsal roots and sciatic nerves. Apart from
a few areas with slight aA-crystallin-immunopositive structures, the brain was
normal. Because the aA-crystallin protein expression appeared in speci®c
cells of the nervous system (astrocytes and Schwann cells), the most
plausible explanation for the paralysis is a disturbance of cell function
caused by the excessive intracytoplasmic accumulation of the aA-crystallin
protein. This is followed by a sequence of secondary changes (demyelination,
axonal dystrophy) and ®nally arthrosis. In conclusion, aA-crystallin transgenic
mice develop a peripheral and central neuropathy primarily affecting spinal
cord areas at the dorsal side, dorsal root and sciatic nerve.
Keywords: aA-crystallin, axonal dystrophy, demyelination, astrocyte,
Schwann cell, transgenic mice
a-Crystallin, a structural eye lens protein (Bloemendal
1982), is composed of two subunits of 20 kDa (aA and
aB) which can form large aggregates of approximately
800 kDa. These aggregates form 40% of the total ®bre
protein in the lens. In healthy individuals the aB-subunit
is not only expressed in the lens but also in heart, skeletal
muscle, spleen, kidney and in nervous tissue. In the
nervous system it is present in astrocytes and oligoden-
drocytes under normal conditions (Iwaki et al. 1990).
Very little information is available about the function of
aA-crystallin, which seems to be more speci®c for the
eye lens, except for its essential role in maintaining lens
transparency (Brady et al. 1997). However, extralenticu-
lar expression has been reported in the rat in signi®cant
amounts in spleen and thymus whereas low levels were
found in retina, intestines, liver, kidney, adrenal, cere-
bellum and brainstem (Kato et al. 1991; Maeda et al.
1999).
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The strong structural homology of a-crystallins with the
small heat shock proteins of the hsp20±30 class (Ingolia
& Craig 1982), points to a similar `heat-shock' protein
function for these proteins. Under pathological con-
ditions, aB-crystallin is also abundantly present in neu-
rones, suggesting that it may be involved in aggregation
and remodelling of neuro®laments in disease (Lowe et al.
1992). This suggested function of aB-crystallin is mainly
based on studies of neurodegenerative diseases like
Alexander's disease, amyotrophic lateral sclerosis
(ALS), Pick's disease, prion diseases and Alzheimer
disease (Iwaki et al. 1989; Iwaki et al. 1992; Lowe et al.
1992; Renkawek et al. 1992; Kato et al. 1997). aB-
crystallin appears to be abundantly present in the degen-
erating cells of many neurodegenerative diseases and
seems to be a common factor in intermediate ®lament-
containing inclusion bodies and in ballooned neurones
which are also a feature of many neurodegenerative
diseases (Lowe et al. 1992). However it should be
noted that at least in some of the neurodegenerative
diseases (Parkinson and Alzheimer) other proteins such
as a-synuclein and tau, may play a more dominant role in
neurodegeneration (reviewed by Goedert 1999).
Considering the strong structural resemblance of the
two subunits it can be hypothesized that aA-crystallin
behaves in a similar way to aB-crystallin when expressed
in nonlenticular tissues. The issue of whether the aA-
subunit has functions comparable with those of the aB-
subunit of crystallin was addressed, and for this purpose
a line of transgenic mice, generated by introducing the
hamster aA-crystallin transgene driven by the vimentin
promoter, was studied. Vimentin is normally involved in
the cytoskeletal structuring of most eukaryotic cells and
is expressed in mesenchymal tissue. In transgenic
mouse models the vimentin promoter is used to obtain
high expression levels in various tissues of the gene
fused behind. Although initially several lines were con-
structed, offspring could be obtained from only one line.
These homozygous aA-crystallin transgenic animals
develop paralysis of the hindlimbs after two months of
age.
To ®nd the cause of this clinical alteration and to study
the possible role of aA-crystallin in this pathological
process, mice were killed and tissues were processed
for histopathological analysis and immunohistochemistry.
Materials and methods
Animals
Mice from the FVB/N strain were obtained from
The Netherlands Cancer Institute (Amsterdam, the
Netherlands) and used for the generating of transgenic
animals as described below. Transgenic and wildtype
animals were housed in macrolon cages (3±5 animals
per cage) with sterilized wood chip bedding and kept
under standardized environmental conditions (room tem-
perature of 20±22 8C, relative humidity 55% and an
arti®cial light cycle on a 12 h light/dark base).
Generation of transgenic mice
Plasmid construction of the vector with the hamster aA-
crystallin gene was performed as described earlier for a
desmin transgenic mouse (Pieper et al. 1989). The aA-
crystallin gene was subcloned in a pUC18 plasmid, and
ligated with a 3.2 kbp vimentin promoter region. This
pVimaA construct has been used for pronuclear micro-
injection as described previously (Krimpenfort et al.
1988). Plasmid sequences were removed by digestion
(using the restriction enzymes BAM HI and Eco RI),
isolated and puri®ed. The DNA concentration was
adjusted to 4 mg/ml and approximately 20 pVimaA
copies were injected. Several weeks after the birth of
the mice that had developed from microinjected eggs, tail
DNA was isolated and analysed by Southern blotting.
SDS/PAGE and Immunoblotting
Samples for electrophoresis were prepared by homoge-
nizing different tissues (heart, kidney, lung, liver, spleen,
skeletal muscle, brain, uterus and spinal cord) in sodium-
dodecylsulphate (SDS) sample buffer. Of each homo-
genate, 50 mg was diluted in 50 ml SDS-buffer with
bromo-phenol blue and mercapto-ethanol and brought
on the gel. Electrophoresis was carried out according to
Laemmli (Laemmli 1970). After electrophoresis, Western
blotting was performed according to Towbin and co-
workers (Towbin et al. 1979). An af®nity-puri®ed anti-
aA-crystallin antibody (diluted 1 : 2000) was used as ®rst
antibody, the goat-anti-rabbit alkaline phosphatase con-
jugate (Promega Benelux B.V., Leiden, The Netherlands)
was used as detection system.
Tissue sampling
Four wildtype mice of the FVB/N strain (male and female,
age 5±6 months) and six homozygous transgenic mice
(male and female, age approximately 7 months) were
killed by exsanguination under anaesthesia. The following
tissues were sampled and processed for light-microscopy:
skeletal muscle of fore-and hindlimbs, diaphragm, ster-
num, femur, knee joint, heart, aorta, spleen, lymph node,
bone marrow, thymus, salivary gland, pancreas, liver,
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oesophagus, stomach, intestine, kidney, urinary bladder,
testis, epididymis, prostate gland, seminal vesicle, ovary,
uterus, vagina, mammary gland ( skin), thyroid, adrenal
gland, pituitary, brain (cross-sections at three different
levels: 1) cerebellum (2) cerebrum at the level of the
hippocampus (3) cerebrum at the level of caudate/
putamen), spinal cord (cervical, thoracic and lumbar),
eye with optic nerve and sciatic nerve. Tissues were
®xed in 4% buffered formaldehyde (Klinipath, Duiven,
The Netherlands), routinely processed through alcohol/
xylene series and embedded in paraf®n.
Histochemical staining
Sections of 5 mm thickness were cut, mounted on glass
slides and stained with haematoxylin-eosin (HE). Some
sections of spinal cord were additionally stained with
periodic acid Schiff reagent (PAS; glycoprotein staining),
with Congo red (amyloid staining) or with Holmes0-luxol
fast blue (staining, respectively, neurites and myelin).
Sections were examined with a light microscope.
Five mm thick paraf®n sections from eye and optic
nerve, spinal cord, brain, femoral nerve, skeletal
muscle (forelimbs and hindlimbs), heart and knee
(joint) of both wildtype and transgenic mice were immu-
nostained using an antibody against aA-crystallin (a
rabbit polyclonal antibody raised against bovine lens
aA crystallin and af®nity puri®ed against bovine lens aA
crystallin). In brief, sections were preincubated with 3.6%
H2O2 in methanol (15 min) and normal swine serum in
1% bovine albumin in PBS/Tween (1 : 20, 1 h, 37 8C).
Incubation with anti-aA-crystallin in 1% bovine albumin in
PBS/Tween (1 : 100; 1 h, 37 8C) was followed by a HRP/
streptavidin detection system (according to instructions
of DAKO-kit LSAB2 for mouse and rabbit antibodies
(Dako Diagnostics B.V., Glostrup, Denmark); cat. No.
K0609) and 0.05% DAB-solution in PBS for 15 min at
room temperature in the dark. Sections were slightly
counterstained with Mayer's haematoxylin.
Sections from spinal cord, femoral nerve and brain of
wildtype and transgenic mice were immunostained with
an antibody to aB-crystallin (a rabbit polyclonal antibody
raised against the polypeptide identical to the C-terminal
13 residues of mammalian aB-crystallins [LAP-70] and
puri®ed against LAP-70; a kind gift of Dr Joseph Horwitz,
UCLA, USA) (rabbit-anticow) glial ®brillary acid protein
(GFAP; Dako code Z0334; dilution 1 : 250) (rabbit-
anticow) ubiquitin (Dako code Z0458; dilution 1 : 100)
and (mouse-anticalf lens) vimentin (Eurodiagnostics
B.V., Arnhem, The Netherlands; code 2208 PVI; dilution
1 : 100). Skeletal muscle and spinal cord were addition-
ally stained with antivimentin. All immunohistochemical
procedures were performed identical to that described
for aA-crystallin. For the antibodies against alpha
A-crystallin, alpha B-crystallin, vimentin and ubiquitin
the eye lens of the wildtype mouse was used as internal
positive control tissue, whereas anti-GFAP was tested in
the optic nerve. To exclude nonspeci®c staining of the
primary antibodies used, spinal cord and brain sections
were incubated with normal rabbit serum and the second
antibody conjugate.
Electron Microscopy
Spinal cord was immediately ®xed for 24 h in 2.5%
glutaraldehyde with 0.1 M Na-Cacodylate. The material
was post®xed in 1% osmium Na-cacodylate for one hour
at room temperature, dehydrated and embedded in epon
812. Ultrathin sections were cut (80 nm) on an ultra-
microtome (Reichert Jung, Vienna, Austria), collected
aA-crystallin transgenic mice
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Figure 1. Immunoblot after SDS/PAGE of
several tissues of wildtype (odd numbered
lanes) and transgenic mice (even
numbered lanes). Tissues in lanes are:
1,2: heart; 3,4: kidney; 5,6: lung; 7,8: liver;
9,10: spleen; 11,12: skeletal muscle;
13,14: brain; 15,16: uterus, and 17,18:
spinal cord, with different expression levels
of aA-crystallin and an elongated form
aAins-crystallin of approximately 19.8 and
22.5 kDa, respectively. Detection was
achieved with an af®nity-puri®ed anti-aA-
crystallin antibody.
on grids and contrasted with 3% uranyl-acetate (15 min)
and lead-citrate (5 min). Sections were examined using
an electron microscope (Jeol Ltd., Tokyo, Japan).
Results
SDS/PAGE and Immunoblotting
From the Western blot (Figure 1) it is clear that in all
nonlenticular tissues sampled of the wildtype mice, the
amount of aA-crystallin was below the detection limit
(see odd lanes). However, although in different amounts,
in many organs of transgenic mice (heart, kidney, lung,
liver, spleen, muscle, brain, uterus and spinal cord)
immunoblotting with antiaA-crystallin resulted in two
bands of approximately 20.0 and 22.5 kDa (see even
lanes). These bands have been described earlier as
representing two different forms of aA-crystallin, the
normal aA-crystallin and the elongated aA-crystallin
aAins-crystallin (van Rijk et al. 1999).
Histopathology and Electron Microscopy
Relevant ®ndings in routine HE-stained sections of trans-
genic and wildtype mice are summarized per organ.
Brain. No abnormalities were observed in the brain.
Spinal cord. In the white and grey matter of only the
transgenic mice, changes were noted (Figure 2). Many
eosinophilic bodies of varying sizes were present in the
grey matter of the thoracic and lumbar spinal cord as well
as in the corticospinal tract and gracile fascicle (Figure
2a±c). Sometimes these bodies were in close contact
with neuronal perikarya (Figure 2a), but the majority of
them were found scattered in the grey and white matter
especially at the dorsal side of the spinal cord. The
largest eosinophilic bodies were present in the white
matter of thoracic and lumbar spinal cord (Figure 2b).
Some of these bodies had a torpedo-like shape (Figure
2c). The eosinophilic bodies were generally negative for
PAS and Congo red, although some of the bodies
showed dispersed PAS-positive granularity. The
Holmes0-luxol fast blue method stained these structures
black, which sometimes showed granular staining pat-
tern. Electron microscopic examination of the spinal cord
of the transgenic animals showed that the eosinophilic
bodies represented swollen axons with accumulation of
neuro®laments, mitochondria, dense bodies, vesicular
elements, tubular structures (forming an irregular net-
work) and thinning of the myelin sheets. In Figure 2d an
example of such a large degenerating axon is given,
which is surrounded by a few normal axons.
Spinal roots and sciatic nerve. In the dorsal spinal roots
and the sciatic nerves, vacuolated structures containing
a small amount of debris and/or macrophages were
found (Figure 3). In the Holmes0-luxol fast blue method,
this debris was stained blue indicating that it was
originated from myelin. In the ventral roots no abnorm-
alities were present.
Knee joint. Compared to the wildtype mice (Figure 4a)
the amount of joint-cartilage was signi®cantly increased
in the transgenic animals (Figure 4b). The mesenchymal
cells in the synovia showed a clear hyperplasia and
chondroid metaplasia.
Eye. As is known from the FVB/N mice, a strain-speci®c
absence of the photoreceptor layer and outer nuclear
layer in the retina was found. The other structures in the
eye, with special interest in the eye lens, seemed to be
normal.
Other organs/tissues. All other tissues examined, includ-
ing skeletal muscle, did not reveal any abnormalities.
Immunohistochemistry
Controls. The eye lens of wildtype animals, which was
used as internal control tissue, was strongly positive
with the antibodies against aA-crystallin, aB-crystallin,
vimentin and ubiquitin. The optic nerve showed strong
immunopositive stellate cells after staining with anti-
GFAP. On the negative control sections no staining
was observed.
aA-crystallin. In both wildtype and transgenic mice, ery-
throcytes and endothelial cells were stained with the anti-
aA-crystallin antibody in all tissues examined. Although
wildtype mice showed immunopositive erythrocytes and
endothelial cells, it should be noted that in the latter cells
the staining was stronger in the transgenic mice. Incom-
plete blocking of the endogenous peroxidases probably
causes this nonspeci®c staining. In the other tissues of
the wildtype mice (e.g. the dorsal spinal cord in Figure 5a
and sciatic nerve in Figure 6a), no staining was observed
with anti-aA-crystallin.
Strong immunopositive staining with anti-aA-crystallin
was observed in the dorsal spinal cord of the transgenic
mice. The ventral side of the spinal cord was negative in
these animals. At the dorsal side various sized dot-like
structures were evident in the grey matter (Figure 5b)
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Figure 2. Light microscopical (LM) haematoxylin-eosine (HE)-stained section (a, b, c) and electron microscopical section (d) of
abnormalities at the dorsal side of a transgenic mouse lumbar spinal cord. (a) Eosinophilic bodies/axonal swelling (E) scattered
throughout the grey matter. Original Magni®cation (OM)´ 100. (b, c) Large eosinophilic bodies in the white matter, sometimes
showing a torpedo-like shape (c) OM100x and ´ 250, respectively. (d) The degenerating axon (DA) in this electron micrograph is
surrounded by normal axons (A). A clear difference in size and density of the cytoplasm and in number of mitochondria (M) in the
degenerating and normal axon is shown. Note also the difference in thickness of the myelin surrounding the normal and
degenerating axon (electron dense layered material in between the small arrowheads). OM´ 4.500.
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Figure 3. Vacuolated structures in dorsal root (a) and sciatic nerve (b) of a transgenic mouse. In some of the vacuoles clear
macrophages are present (arrowhead). LM-sections are HE-stained. OM´ 100.
Figure 4. A longitudinal HE-stained sections of the knee joint of a wildtype (a) and transgenic (b) mouse. In the transgenic mouse
the amount of cartilage covering the joint (arrow) is increased signi®cantly and more synovial tissue (S) is present which consists
largely of cartilage. OM´ 6.6.
aA-crystallin transgenic mice
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Figure 5. Cross-section of the lumbar dorsal spinal cord of a wildtype (a) and transgenic mouse (b, c, and d), immunostained with
anti-aA-crystallin. (a) No immunostaining is observed in the wildtype mouse. OM´ 50. (b) Various sized anti-aA-positive structures
are present in the grey matter of the transgenic mouse. OM´ 50. (c) In the white matter of the transgenic mouse, small dots and
stellate cells (arrows) are positive with anti-aA-crystallin. The eosinophilic bodies/axonal swellings (E) are not immunopositive.
OM´ 100. GM, grey matter; WM, white matter. (d) The dorsal root shows many large dot-like immunopositive structures
(arrowheads). OM´ 250.
whereas stellate cells and ®bre-like staining were
present in the white matter (Figure 5c). The eosinophilic
bodies that are prominently present in the routinely
stained sections of the transgenic mice were not
immunopositive for aA-crystallin. In the dorsal root also
many positively stained dot-like structures were present
(Figure 5d).
Longitudinal sections of the sciatic nerve of the
transgenic mice showed a strong stripe-like staining
(Figure 6b). Cross-sections showed that the immuno-
staining was located around the axon (inset, Figure 6b).
In the brain of transgenic mice, immunostaining with
anti-aA-crystallin was demonstrated but the number of
cells and the density of the staining were signi®cantly
less than in the dorsal spinal cord. Similar to the dorsal
spinal cord, stellate cells and ®bre-like staining was
observed in the white matter of several brain areas
(trigeminal and pyramidal tract, internal connection and
pons). This is shown in Figure 7a. The positive staining in
cartilage with anti-aA-crystallin was observed speci®cally
in active newly formed chondroblasts and not in more
mature chondrocytes. In the skeletal muscle of trans-
genic mice, the moderate anti-aA-crystallin-stained
muscle ®bres showed a mosaic distribution pattern.
aB-crystallin, anti-GFAP and anti-Ubiquitin. For all
tissues examined, no differences in immunostaining
(pattern and density) using anti-aB-crystallin, anti-
GFAP and antiubiquitin, were found between wildtype
and transgenic mice. Serial sections of transgenic mice
showed that astrocytes in the optic nerve, in the brain
(Figure 7) and in the dorsal spinal cord stained with both
anti-aA-crystallin (Figure 7a) and anti-GFAP (Figure 7b).
In contrast to anti-GFAP, no similarity in spinal cord
staining pattern was found between anti-aA-crystallin
and anti-aB-crystallin. Serial sections of skeletal
muscle showed immunostaining with both anti-aA-crys-
tallin and anti-vimentin in the same muscle ®bres. Anti-
ubiquitin immunostaining in the brain and spinal cord
showed weak immunopositivity in different cells, in the
sciatic nerve the axons (and vacuolated structures in the
transgenic mice) were weakly immunopositive.
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Figure 6. Longitudinal section of the sciatic nerve of a wildtype (a) and transgenic (b) mouse, immunostained with anti-aA-crystallin.
(a) No immunostaining of nerve structures can be seen in the wildtype mouse. (b) The transgenic mouse shows a strong stripe-like
staining which is running parallel to the nerve axons. OM´ 100. Inset: cross-section shows positive anti-aA-crystallin staining
around the axon. OM´ 250.
Discussion
A transgenic mouse line for aA-crystallin clinically shows
hind limb paralysis after 8 weeks of age. This unex-
pected ®nding raises the question of what possible role
aA-crystallin plays in this pathological process. To
unravel this role, aA-crystallin localization in transgenic
mice was studied using immunohistochemistry with an
antibody against the protein. The Western blot and the
strong immunostaining with the anti-aA-crystallin in the
eye lens of the wildtype mice suggest a high speci®city of
this antibody. Cross reactivity with aB-crystallin, which
could be expected based on the high similarity of aA-and
aB-crystallin, was excluded since the speci®c staining
pattern using anti-aB-crystallin was completely different
from that of anti-aA-crystallin.
In transgenic mice, aA-crystallin is expressed at low
levels in the brain, moderately in the skeletal muscle and
abundantly in the spinal cord, the sciatic nerve, the knee
joint and the eye (for some tissues also shown in a
Western blot). Many of the areas in brain and spinal
cord in which aA-crystallin is detected run parallel to the
mouse pyramidal tract (cerebral internal connection, the
basal pons and the ventral part of the dorsal funiculus in
the spinal cord) (Armand 1982; Kuypers 1982), which is
known to be of major importance for motor functioning.
This suggests that in these transgenic mice aA-crystallin
expression in the pyramidal tract may contribute to the
dysfunction of the hind limb.
In contrast to the brain and skeletal muscle, which did
not show any pathological changes, the localization of
the aA-crystallin immunostaining was correlated with the
other histopathological changes in the spinal cord, dorsal
root, the sciatic nerve and the knee joint.
The eosinophilic bodies that were found in the white
matter (e.g. in the gracile fascicle) and in some of the
spinal cord layers in the grey matter on the dorsal side of
the thoracic and lumbar spinal cord re¯ect axonal degen-
eration without aA-crystallin accumulation. Electron
microscopy revealed that eosinophilic bodies are mor-
phologically similar to structures described in the ner-
vous system of mammalian species as axonal dystrophy
(Kretzschmar et al. 1987; Mukoyama et al. 1989; Lowe
et al. 1997). Axonal dystrophy is a feature of neuronal
degeneration and can occur, for example, during the
process of ageing (Sung 1964; Dayan 1971) or as a
pathological process (Lowe et al. 1997).
In longitudinal sections of the dorsal root and sciatic
nerve of the transgenic mice, many vacuolated struc-
tures were observed. These structures contain remnants
aA-crystallin transgenic mice
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Figure 7. Consecutive cross-section of the white matter in a transgenic mouse cerebellum, immunostained with anti-aA-crystallin
(a) and anti-GFAP (b). The same stellate cells are anti-aA-crystallin and anti-GFAP positive (compare a, b, c, d in Figure 7a, b).
OM´ 100.
of axonal and myelin material and in some of them
macrophages are also present, known as `digestion
chambers'. Such structures are described in the process
of Wallerian degeneration (Stenwig 1972) and are often
formed in conjunction with severe neuronal degener-
ation. It can be concluded that such circumstances are
present in the transgenic mice and an extensive degen-
eration of myelin and axons causes the hind limb para-
lysis. The localization of the severe changes and
aA-crystallin accumulation in the dorsal roots strongly
suggest the involvement of sensory neurones. A similar
involvement of primary sensory neurones of the dorsal
root ganglia in the pathogenesis of gracile axonal dystro-
phy has been described in a mutant mouse (Mukoyama
et al. 1989).
Most of the transgenic mice showed a signi®cant
increase in cartilage in one or both knee joints, as well
as chondroid metaplasia of the synovial tissue. The
variability in occurrence and severity of the knee joint
lesions among the mice was large, indicating that these
changes were secondary to the paralysis caused by the
lesions in the spinal cord and sciatic nerve. Similar joint
lesions have been described in dogs with spinal cord
injuries (Turbes 1998). However, since aA-crystallin is
found in many active chondroblasts the possibility that
the cartilage changes in the transgenic mice aggravates
the symptoms cannot be excluded .
Immunostaining with anti-GFAP and anti-aA-crystallin
shows that excessive amounts of aA-crystallin are pri-
marily deposited in the astrocytes of the spinal cord and
in the Schwann cells of the dorsal root and sciatic nerve.
Ubiquitin, a stress protein involved in many neurodegen-
erative diseases (Goldman & Corbin 1991; Lowe et al.
1993), does not seem to play an important role in the
pathogenesis of aA-crystallin transgenic mice since no
difference in immunostaining was found between trans-
genic and wildtype mice. Vimentin was found in
mesenchymal cells (transgenic and wildtype mice) and
in all tissues in which aA-crystallin was expressed. By
constructing an aA-crystallin gene using a hamster
vimentin promoter region, it was to be expected that
only cells normally expressing vimentin also express
aA-crystallin. Skeletal muscle cells and astrocytes in
the spinal cord also showed colocalization of vimentin
and aA-crystallin. Although this was not expected it has
been described earlier that, under pathological condi-
tions, a high expression of vimentin can be found in
skeletal muscle cells (e.g. in human distal myopathy;
Uesaka et al. 1997) and astrocytes (e.g. in mice with
cerebral injuries; Janeczko 1993). Moreover, both glial
cells and muscle cells contain vimentin as intermediate
®lament in the embryonal phase, being replaced later by
the mature cell-speci®c intermediate ®laments desmin
and glial ®brillary acid protein (GFAP), respectively (Dahl
et al. 1981; Schnitzer et al. 1981; Lazarides et al. 1982;
Eng 1985). Possibly, this switch which normally occurs
postnatally in mice (Lewis & Cowan 1985; Mukono et al.
1989; Landry et al. 1990; Sarthy et al. 1991), has been
disturbed by using this construct in the transgenic mice of
this study.
Taking the results together, the following pathogenesis
of the hindlimb paralysis in the aA-crystallin transgenic
mice can be postulated. In the transgenic mice, aA-
crystallin is synthesized and deposited in a variety of
cells but accumulates especially in the astrocytes of the
spinal cord and in Schwann cells of the sciatic nerve.
Most likely, such extremely high intracytoplasmic deposi-
tion impairs the cell and its function, ®nally resulting in
axonal dystrophy and demyelination.
In many neurodegenerative diseases aB-crystallin is
abundantly present (Arrigo & Previll 1999) and it has
been suggested that high expression of the protein is
associated with the presence of abnormal neuronal cells
(Lowe et al. 1992). In contrast to these aB-crystallin-
associated diseases, in which aB-crystallin is accumu-
lated especially within the abnormal cells and structures
(swollen neuronal cells and inclusion bodies), the aA-
crystallin in our transgenic mice is not found within the
abnormal cells or structures (dystrophic axons). This
suggests a different pathogenesis. The main question
concerning the pathogenesis in our aA-crystallin trans-
genic mice is whether the pathology is caused speci®-
cally by high aA-crystallin expression, or whether any
excessive protein deposit that disturbs the function of the
same cells gives similar changes. A strong argument
for the latter hypothesis is the publication of Smit and
coworkers (Smit et al. 1996), describing a similar demye-
lination in the peripheral nerve and hindlimb paralysis in
mice transgenic for a human MDR3 P-glycoprotein,
having a function completely different from aA-crystallin.
The construct was also made by ligating the hamster
vimentin promoter to the gene, indicating that the cell
type, in which the protein is expressed, may be important
in the pathogenesis of hindlimb paralysis in both aA-
crystallin-and the MDR3 P-glycoprotein transgenic mice.
The hypothesis of an excessive intracellular protein
accumulation gives a plausible explanation for the patho-
logical changes. However, the method of generating
transgenic mice does not allow a precise localization of
the inserted gene and thus it cannot be excluded that the
pathological changes in our aA-crystallin transgenic mice
are caused by disturbance of an endogenous gene by
insertion of the aA-crystallin transgene. It would, how-
ever, be a coincidence that disruption of such a gene
E. P. C. T. de Rijk et al.
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causes the observed severe pathology and increases
transgene expression in the same tissues. This coinci-
dence would be even more curious when in two inde-
pendent transgenic mouse models (aA-crystallin and
MDR3 P-glycoprotein), that have completely different
transgenes inserted but are driven by the same promo-
ter, the same endogenous gene is disrupted and an
increase in expression of different proteins occurs (aA-
crystallin and MDR3 P-glycoprotein).
The pathological characteristics of the aA-crystallin
transgenic mouse do not cover any speci®c human
neurological disease. However, the most prominent fea-
ture, presence of eosinophilic bodies in the spinal cord, is
similar to the axonal swellings in axonal dystrophy in
humans. The pathogenesis of axonal dystrophy in
humans is largely unknown. Therefore, the aA-crystallin
transgenic mouse may give a contribution to this
pathogenesis by demonstrating that the excessive accu-
mulation of proteins in cells such as astrocytes and
Schwann cells may result in axonal dystrophy and, in
our model, ®nally in hindlimb paralysis.
Acknowledgements
We would like to thank Dr P. Krimpenfort and Dr A. Berns
for providing the transgenic animals. We thank H. Arnts
for excellent animal care, J. Fundter, A. de Haze and
W. van Ravesloot for the autopsies, histological prepara-
tions and immunohistochemistry. We are also grateful for
the technical assistance of F. Rietveld in performing the
electron microscopy. This work was supported by EC-
BIOMED (contract no. B14H4-CT96±1593).
References
ARMAND J. (1982) The origin, course and determination of
corticospinal ®bers in various mammals. In: Progress in
Brain Research: Anatomy of the Descending Pathways to
the Spinal Cord (Eds. H.G.J.M. KUYPERS & G.F. MARTIN).
Amsterdam: Elsevier, pp. 329±360.
ARRIGO A.-P. & PREVILL X. (1999) Role of hsp27 and related
proteins. In: Stress Proteins, Vol. 136 (Ed. D.S. LATCHMAN).
Berlin: Springer Verlag, pp. 101±132.
BLOEMENDAL H. (1982) Lens proteins. Crit. Rev. Biochem. 12, 1±
39.
BRADY J.P., GARLAND D., DOUGLAS-TABOR Y., ROBINSON W.G., JR
GROOME A. & WAWROUSEK E.F. (1997) Targeted disruption of
the mouse alpha A-crystallin gene induces cataract and
cytoplasmic inclusion bodies containing the small heat
shock protein alpha B-crystallin. Proc. Natl. Acad. Sci. USA
94, 884±889.
DAHL D., RUEGER D.C., BIGNAMI A., WEBER A. & OSBORN M. (1981)
Vimentin the 57000 daltons protein of ®broblast ®laments is
the major cytoskeletal component in immature glia. Eur. J.
Cell Biol. 24, 191±196.
DAYAN A.D. (1971) Comparative neuropathology of aging: stu-
dies on the brain of 47 species and vertebrates. Brain 94, 31±
42.
ENG L.F. (1985) Glial ®brillary acidic protein (GFAP): the major
protein in of glial intermediate ®laments of differentiated
astrocytes. J. Neuroimmunol. 8, 203±214.
GOEDERT M. (1999) Filamentous nerve cell inclusions in neuro-
degenerative diseases: tauopathies and alpha-synucleinopa-
thies. Philosoph Transactions Royal Soc. London. Series B:
Biol. Sci. 354 (1386), 1101±1118.
GOLDMAN J.E. & CORBIN E. (1991) Rosenthal ®bers contain
ubiquitinated aB-crystallin. Am. J. Pathol. 139, 933±938.
INGOLIA T.D. & CRAIG E.A. (1982) Four small Drosophila heat
shock proteins are related to each other and to mammalian a
crystallin. Proc. Natl. Acad. Sci. USA 79, 2360±2364.
IWAKI T., KUME-IWAKI A. & GOLDMAN J.E. (1990) Cellular distribu-
tion of aB-crystallin in non-lenticular tissues. J. Histochem.
Cytochem. 38, 31±39.
IWAKI T., KUME-IWAKI A., LIEM R.K. & GOLDMAN J.E. (1989) aB
crystallin is expressed in nonlenticular tissues and accumu-
lates in Alexander's disease brain. Cell 1989 57, 71±78.
IWAKI T., WISNIEWSKI T., IWAKI A. ET AL. (1992) Accumulation of aB
crystallin in central nervous system glia and neurons in
pathological conditions. Am. J. Pathol. 140, 345±356.
JANECZKO K. (1993) Co-expression of GFAP and vimentin in
astrocytes proliferating in response to injury in the mouse
cerebral hemisphere. A combined autoradiographic and
double immunocytochemical study. Int. J. Dev. Neurosci.
11, 139±147.
KATO S., HAYASHI H., NAKASHIMA K., ET AL. (1997) Pathological
characterization of astrocytic hyaline inclusions in familial
amyotrophic lateral sclerosis. Am. J. Pathol. 151, 611±620.
KATO K., SHINOHARA H., KUROBE N., GOTO S., INAGUMA Y. & OHSHIMA
K. (1991) Immunoreactive aA crystallin in rat-non-lenticular
tissues detected with a sensitive immunoassay method.
Bioch. Biophys. Acta 1080, 173±180.
KRETZSCHMAR H.A., BERG B.O. & DAVIS R.L. (1987) Giant axonal
neuropathy. Acta Neuropathol. (Berl). 73, 138±144.
KRIMPENFORT P.J., SCHAART G., PIEPER F.R., ET AL. (1988) Tissue-
speci®c expression of a vimentin-desmin hybrid gene in
transgenic mice. EMBO J. 7, 941±947.
KUYPERS H.G.J.M. (1982) A new look at the organization of the
motor system. In: Progress in Brain Research: Anatomy of the
Descending Pathways to the Spinal Cord., (Eds. H.G.J.M.
Kuypers & G.F. Martin. Amsterdam: Elsevier, pp. 381±403.
LAEMMLI U.K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680±
685.
LAZARIDES E., GRANGER B.L., O'CONNOR C.M., BRECKLER J., PRICE M.
& DANTO S.I. (1982) Desmin- and vimentin-containing ®laments
and their role in the assembly of the Z-disks in muscle cells.
Cold Spring Harb. Symp Quant. Biol. 46, 351±378.
LEWIS S.A. & COWAN N.J. (1985) Temporal expression of mouse
glial ®brillary acidic protein mRNA studied by a rapid in situ
hybridization procedure. J. Neurochem. 45, 913±919.
LOWE J., LENNOX G. & LEIGH P.N. (1997) Disorders of movement
and system degenerations. In: Green®eld's Neuropathy. (Eds.
D.I. Graham & P.L. Lantos). London: Arnold London, pp. 281±
343.
LOWE J., ERRINGTON D.R., LENNOX G. ET AL. (1992) Ballooned
neurons in several neurodegenerative diseases and stroke con-
tain aB crystallin. Neuropathol. Appl. Neurobiol. 18, 341±350.
aA-crystallin transgenic mice
q 2000 Blackwell Science Ltd, International Journal of Experimental Pathology, 81, 271±282 281
LOWE J., MAYER R.J. & LANDON M. (1993) Ubiquitin in neurode-
generative diseases. Brain Pathol. 3, 55±65.
MAEDA A., OHGURO H., MAEDA T., NAKAGAWA T. & KUROKI Y. (1999)
Low expression of alpha A-crystallins and rhodopsin kinase of
photoreceptors in retinal dystrophy rat. Invest. Ophtalmol.
Visual Sci. 40 (12), 2788±2794.
MUKONO K., KAMHOLZ J., BEHRMAN T. ET AL. (1989) Neuromodula-
tion of Schwann cell glial ®brillary acidic protein (GFAP). J.
Neurosci. Res. 23, 396±405.
MUKOYAMA M., YAMAZAKI K., KIKUCHI T. & TOMITA T. (1989) Neuro-
pathology of gracile axonal dystrophy (GAD) mouse. Acta
Neuropathol. 79, 294±299.
LANDRY C.F., JOY G.G. & BROWN I.R. (1990) Developmental
expression of glial ®brillary acidic protein mRNA in the rat
brain analyzed by in situ hybridization. J. Neurosci. Res. 25,
194±203.
PIEPER F.R., SCAART G., KRIMPENFORT P.J. ET AL. (1989) Trans-
genic expression of the muscle-speci®c intermediate ®lament
protein desmin in non-muscle cells. J. Cell Biol. 108, 1009±
1024.
RENKAWEK K., DE JONG W.W., MERCK K.B., VAN WORKUM F.P. &
BOSMAN G.J. (1992) Alpha B-crystallin is present in reactive
glia in Creutzfeldt-Jacob disease. Acta Neuropathol. 83 (3):
324±327.
VAN RIJK A.F., DE JONG W., BLOEMENDAL H. (1999) Exon shuf¯ing
mimicked in cell culture. Proc. Natl. Acad. Sci. USA 96, 8074±
8079.
SARTHY P.V., FU M. & HUANG J. (1991) Developmental expression
of the glial ®brillary acidic protein (GFAP) gene in mouse
retina. Cell. Mol. Neurobiol. 11, 623±637.
SCHNITZER J., FRANKE W.W. & SCHACHNER M. (1981) Immunocy-
tochemical demonstration of vimentin in astrocytes and
ependymal cells of developing and adult mouse nervous
system. J. Cell Biol. 90, 435±447.
SMIT J.J.M., BAAS F., HOOGENDIJK J.E. ET AL. (1996) Peripheral
Neuropathy in mice transgenic for a human MDR3 P-glyco-
protein mini-gene. J. Neurosci. 16, 6386±6393.
STENWIG A.E. (1972) The origin of brain macrophages
in traumatic lesions, Wallerian degeneration, and retro-
grade degeneration. J. Neuropathol. Exp. Neurol. 31 (4),
696±704.
SUNG J.H. (1964) Neuroaxonal dystrophy in mucoviscoidosis. J.
Neuropathol. Exp. Neurol. 23, 567±583.
TOWBIN H., STAEHLIN T. & GORDON J. (1979) Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad.
Sci. USA 76, 4350±4354.
TURBES C.C. (1998) Repair, reconstruction, regeneration and
rehabilitation strategies to spinal cord injury. Biomed. Sci.
Instrum. 34, 351±356.
UESAKA Y., NAKAMICHI K., KOJIMA S., IDA M. & TAKAGI A. (1997)
Autosomal dominant distal myopathy with rimmed vacuoles
and cytoplasmatic inclusions: report of a family. Clin. Neurol.
37, 1±6.
E. P. C. T. de Rijk et al.




Pathogenesis of axonal dystrophy and
demyelination in αA-crystallin transgenic mice
(manuscript in preparation)

Pathogenesis of axonal dystrophy and demyelination in αA-crystallin
transgenic mice.
1A.F. van Rijk, 2E.P.C.T. de Rijk, 1M.A.M. Sweers, 3 G.F.M. Merkx, 4M. Lammens, 2E. van
Esch and 1H. Bloemendal
1University of Nijmegen, Department of Biochemistry, 6500 HB Nijmegen, The Netherlands.
2NV Organon, Department of Toxicology and Drug Disposition, P.O. Box 20, 5340 BH Oss,
The Netherlands.
3University  Medical Center Nijmegen, Department of Human Genetics, 6500 HB Nijmegen, The Netherlands.




We recently described a transgenic mouse strain overexpressing hamster αA-crystallin,
a small heat shock protein, under direction of the hamster vimentin promoter. As a
result myelin is degraded and axonal dystrophy in both central nervous system
(especially spinal cord) and peripheral nervous system occurred. The transgenic protein
predominantly localized to tissues of mesodermal and to some of neuro-ectodermal
origin. Homozygous transgenic mice developed hind limb paralysis after 8 weeks of age
and displayed progressive loss of myelin and axonal dystrophy in both the central and
peripheral nervous system with ongoing age. Pathologically the phenotype resembled, to
a certain extent neuroaxonal dystrophy. The biochemical data provided here
(superoxide dismutase-, catalase- and transglutamase-activity, myelin protein zero
expression levels and blood sugar levels) confirm this pathology and exclude other
putative pathologies like Amyothrophic Lateral Sclerosis and Hereditary Motor and
Sensory Neuropathy. Consequently, an excessive cytoplasmic accumulation of the
transgenic protein or a disturbance of the normal metabolism are considered to cause
the observed neuropathology. Therefore, αA-crystallin transgenic mice may serve as a
useful animal model to study neuroaxonal dystrophy.
Introduction
The eye lens protein α-crystallin consists of
two closely related subunits, αA- and αB-
crystallin, which can form homo- and hetero-
oligomers of approximately 800 kDa
(Bloemendal, 1977). Nowadays it is known
that αB-crystallin occurs in many tissues
outside the lens, while αA-crystallin is still
essentially restricted to the eye lens (Bath
and Nagineni, 1989). Considering the high
sequence homology between αA- and αB-
crystallin (about 60%) it is hypothesized that
αA-crystallin might behave like αB-
crystallin when expressed in non-lenticular
tissues. To study this hypothesis, transgenic
mice were generated expressing the hamster
αA-crystallin gene under direction of the
hamster vimentin promoter. In a previous
study (de Rijk et al., 2000) we showed that
these transgenic mice develop hindlimb
paralysis after 8 weeks of age. In the spinal
cord of those animals many eosinophilic
bodies of varying size are present, with the
majority found at the dorsal side. Electron
microscopical analysis revealed that those
eosinophilic bodies represent swollen axons
with accumulation of neurofilaments,
mitochondria, dense bodies, vesicular
elements, tubular structures and thinning
myelin sheaths. Immunohistochemical
analysis showed large deposits of αA-
crystallin in astrocytes of the spinal cord, and
in the Schwann cells of dorsal roots and
sciatic nerves. In the dorsal spinal roots and
the sciatic nerves, vacuolated structures
containing a small amount of debris
originating from myelin were observed.
Many of the areas in brain and spinal cord in
which overexpression of αA-crystallin is
found, run parallel to the mouse pyramidal
tract, that is involved in motor nerve
functioning (Kuypers, 1982).
The above pathology shows resemblance to a
known human pathology, neuroaxonal
dystrophy. Inherited neuroaxonal dystrophies
constitute a group of neurodegenerative
disorders that share a common pathologic
feature – the presence of segmental
dystrophic swellings or “spheroids” in
especially the distal portions of axons.
Ultrastructurally, such axonal spheroids
contain a myriad of membranous arrays,
dense axoplasmic matrix, electron-lucent
clefts, and variously admixed organelles and
other axoplasmic components (Wolfe et al.,
1995). Elevated urinary sugar levels due to a
disturbance in the lysosomal glycosidase, α-
N-acetylgalactosaminidase (Desnick and
Bishop, 1989) or an otherwise disturbed
metabolism are often found in patients
suffering from neuroaxonal dystrophy
(Seitelberger, 1986).
Although the generated phenotype resembled
neuroaxonal dystrophy, other pathologies
that show only a minor resemblance to our
mouse model had to be excluded. One of the
known human diseases taken into
consideration is Amyotrophic Lateral
Sclerosis (ALS) (Kato et al., 1997). ALS is
characterized by degeneration and loss of
large motor neurons in the cerebral cortex,
brainstem, and cervical and lumbar spinal
cord (Tandan and Bradley, 1985; Aizawa et
al., 2000). Wong and co-workers (1995)
demonstrated, in a mouse model for ALS,
vacuoles in axons and dendrites, which
appeared to be derived from degenerating
mitochondria. Because vacuolization of the
axons seemed to be the only similarity,
enzyme activities that are often altered in
ALS like superoxide dismutase (SOD),
catalase (Przedborski et al., 1992; Gsell et
al., 1995) and transglutaminase (Fujita et al.,
1995) were analyzed in the pathology that
emerged in the αA-crystallin transgenic
mice.
The second pathology, Hereditary Motor and
Sensory Neuropathy (HMSN) (Dyck et al.,
1993) also known as Charcot Marie Tooth
disease (CMT) (Kulkens et al., 1993) is a
heterogeneous group of disorders. HMSN is
the most common hereditary neuropathy in
humans. Many genetic defects, like aberrant
peripheral myelin protein 22 expression
(Suter et al., 1992) are known to cause
HMSN. Distal muscular atrophy and
weakness, progressive muscular atrophy and
sensory loss in the distal extremities and
reduced nerve conduction velocities
characterize this disease. Furthermore, signs
of de- and remyelination are found in
peripheral nerve biopsies in case of HSMN
type I (Dyck et al., 1993; Kulkens et al.,
1993). Since we observed hind limb
paralysis, HMSN should be taken into
account. In our previous paper we showed
myelin degradation, but we did not exclude
de- and remyelination. Analyzing the
integration site of our transgene into the
mouse genome might shed light on the
ongoing process and might hint to possible
affected genes.
To elucidate the pathogenesis of the central
nervous system (CNS) and peripheral
nervous system (PNS) in the transgenic
mouse strain, and to unravel the possible role
for αA-crystallin over-expression in this
pathological process, mice were thoroughly
analyzed. Blood sugar levels appeared
significantly higher for transgenic mice as
compared to control mice. This result again
hinted to neuroaxonal dystrophy.
Furthermore no direct effect of integration of
the transgene into mouse chromosome 1
could be detected. Expression levels of
myelin protein zero (P0) which is located
near the integration site of the transgene and
known to be involved in HSMN (Kulkens et
al., 1993) appeared normal in the peripheral
nerves of the transgenic mice. αA-crystallin,
as could be expected, was only detected in
peripheral nerves of transgenic mice.
Enzyme activities of SOD, catalase and
transglutaminase in spinal cord extracts of
transgenic mice were carefully compared to
enzyme activities found in control mice. No
differences in those enzyme activities could
be detected. Therefore, the biochemical
characterization of the transgenic mouse
strain might link the observed phenotype to
neuroaxonal dystrophy as found in man, and
eventually lead to a useful animal model.
Methods
Animals:
Mice of the FVB/N strain obtained from The
Netherlands Cancer Institute (Amsterdam)
were used for the generation of transgenic
mice. The hamster αA-crystallin gene under
direction of the hamster vimentin (pVimαA)
promoter was microinjected into the
pronucleus of fertilized eggs to obtain
transgenic animals (de Rijk et al., 2000).
Transgenic mice as well as control mice
were housed in macrolon cages with
sterilized wood chip bedding. Environmental
conditions were standardized, light/dark
cycle of 12h, room temperature of 20-25 oC
and relative humidity of 55%. Several weeks
after birth mice were screened for the
integration of the transgene by isolating toe
DNA essentially as described by Blin and
Stafford (1976). The extracted chromosomal
DNA was restricted with EcoR1 and
analyzed for the presence of the transgene by
Southern blotting and hybridization with an
αA-crystallin cDNA probe.
Blood sugar levels:
β-D-glucose levels were analyzed by using
capillary blood from the tail artery. GLUCO
CARD MEMORY 2 BLOOD GLUCOSE
TEST METER (A.MENARINI diagnostics)
was used in combination with accompanying
reagent strips. Animals were tested after one
night of food deprivation.
Fluorescence in situ hybridization of pVim-
αA:
Bone marrow cells obtained from transgenic
animals were grown in RPMI1640 (GIBCO
BRL) containing 10 % FCS, 113 U/ml
penicillin (GIBCO BRL) and 113 U/ml
streptomycin (GIBCO BRL) and retained in
metaphase using a final concentration of 0.2
µg/ml colchicin (GIBCO BRL). The gene
construct, to generate the transgenic mice,
pVim-αA, was used as probe for
fluorescence in situ hybridization (FISH)
essentially as described by Suijkerbuijk et al.
(1994). A whole chromosome 1 specific
painting probe (a kind gift of Dr. José Coco
Martin, Dutch Cancer Institute, NKI,
Amsterdam, The Netherlands) was used to
unambiguously identify the chromosome
hybridizing to pVim-αA.
Southern and Western blot analysis of myelin
protein zero:
A Southern blot already available from the
initial screenings was hybridized with a
cDNA probe for Myelin protein zero (P0)
(kindly provided by Dr. Frank Baas,
Academic Medical Center, University of
Amsterdam, The Netherlands).
Following 13% SDS-PAGE of peripheral
nerve extracts obtained from control and
transgenic mice Western blots were stained
with a polyclonal affinity-purified antibody
directed against αA-crystallin (1:2000) and a
monoclonal antibody directed against P0 (
1:1000) (a kind gift of Prof. Dr. Juan Jose
Archelos, University Hospital for Neurology,
Graz, Austria). 30 and 5 µg of peripheral
nerve extract was used for the detection of
αA-crystallin and P0, respectively.
Protein content: The protein content in
samples was calculated by the bicinchoninic
acid (BCA) method (PIERCE).
Determination of enzyme activity
Animals were tested for enzyme activity at 6
months of age.
-Superoxide dismutase assay:
SOD activity in spinal cord extracts was
initially determined by analysis of a 13%
acrylamide gel stained with Nitro Blue
Tetrazolium (NBT) (Research Organics Inc)
essentially as described by Beauchamp and
Fridovich (1971). Spinal cord extracts (40
µg) of 5 positive and 2 negative mice were
run on a basic urea gel (essentially as
described by Schoenmakers et al. (1969). As
a negative control 5 µg of α-crystallin was
used. The gel was stained by soaking it for
20 min in 2.45x10-3 M NBT followed by an
incubation in 0.028 M TEMED (Merck),
2.8x10-5 M riboflavin (Sigma) and 0.036 M
potassium phosphate at pH 7.8 until, at the
position of SOD, destaining could be
observed. To analyze the SOD activity in
more detail, the inhibition of oxidation of
xanthine (Sigma) by xanthine oxidase
(Sigma) was measured. The generation of
O2- by xanthine oxidase provides the basis
for this assay. The reaction mixture
contained 340 µl of 0.25 U/ml xanthine
oxidase, 1x10-4 M xanthine, 2.5x10-5 M NBT
1x10-4 M EDTA and 0.05 M sodium
carbonate of pH 10.2, 560 µl potassium
phosphate at pH 7.8 and 100 µl of spinal
cord extract.
Spinal cords were homogenized in 0.036 M
potassium phosphate at pH 7.8. The
supernatant after centrifugation was used as
enzyme solution and the activity was
corrected for protein content. Protein
concentration was determined as described
above.
The activity was recorded at 550 nm using a
Perkin-Elmer Lambda 2 UV/VIS
spectrophotometer equipped with a
thermostated circulating water-bath at 25oC
and a thermocouple to register the
temperature of the sample.
-Transglutaminase assay:
Transglutaminase activity in spinal cord
homogenates (in 50 mM Tris-HCl, pH 8.0)
was based on the incorporation of [3H]-
putrescine (Amersham Pharmacia Biotech)
into N,N,dimethylated casein (SIGMA).The
reaction mixture of 700 µl for determination
of enzyme activity contained 1.5 mM CaCl2,
10 mM dithiothreitol (SIGMA), 1 µl [3H]-
putrescine (1mCi/ml), 50 mM Tris-HCl pH
8.0, 28 mM N,N,dimethylated casein and
100 µg spinal cord extract. The negative
control did not contain casein. The reaction
mixtures were incubated for 30 min at 37oC.
Reactions were terminated by adding 0.3 ml
of 20% TCA, and the insoluble material was
dissolved in 20 µl 1 M Tris-HCl, pH 8.0. The
radioactivity in the dissolved pellets was
determined by using a liquid scintillation
spectrometer (Beckman LS3801).
Transglutaminase activity was determined by
subtracting the value in the sample without
casein from the activity in the sample
containing casein.
-Catalase assay :
To determine catalase activity in spinal cord
extracts the decrease in extinction at 240 nm
of H2O2 (ALDRICH) was analyzed. Catalase
activity was measured according to Beers
and Sizer (1952) by spectrometric recording
of the reduction of H2O2. The reaction
mixture of 1 ml contained 0.023 M H2O2 in
0.05 M phosphate buffer, pH 7.0 and 5 µl
of spinal cord extract. The activity was
recorded for 10 min at 240 nm using a
Perkin-Elmer Lambda 2 UV/VIS
spectrophotometer equipped with a
thermostated circulating water-bath at
28oC and a thermocouple to register the
temperature of the sample. Activity was
corrected for protein content. Spinal cord
homogenates were made in 0.05M
phosphate buffer at pH 7.8.
Results
Blood sugar levels.
Light and electron microscopical analysis
of the spinal cord of the transgenic mice
pointed to neuroxonal dystrophy since
axonal swellings and degenerating axons
containing enlarged mitochondria and
tubulovesicular arrays were observed (de
Rijk et al., 2000).
 Linden et al. (1989) observed that a
lysosomal storage disease, a cause of
neuroaxonal dystrophy, is characterized by
a deficiency in alpha-N-
acetylgalactosaminidase activity. This
pathology  coincided with a urinary
accumulation of α-N-
acetylgalactosaminyl-containing
oligosaccharides and glycopeptides. To test
the accumulation of oligosaccharides in
transgenic mice compared to control mice,
blood sugar levels were measured with the
aid of the Gluco Card Memory Meter.
Blood was taken from the tail artery. Table
1 shows that after one night of food
deprivation the transgenic mice displayed a
slightly but significantly higher blood
sugar level (t-test with a p-value of 0.04)
compared to control animals. This notion
might hint to neuroaxonal dystrophy.
Chromosomal localization of pVim-αA.
HSMN is a disease that is known to result
from a defect in one or more genes.
Determination of the integration site of the
transgene by FISH analysis might exclude
disrupting one of the genes known to be
involved in HSMN or point to a possible
cause of the observed pathology. For this
reason mouse bone marrow cells were
grown in tissue culture flasks and arrested
in metaphase. A fluorescent probe
containing the full transgene was used to
map the integration site to chromosome 1Q
G3-H2 (fig. 1). The identification of the
chromosome was confirmed by using a
whole chromosome 1-specific painting
probe. Since the endogenous αA-crystallin
mouse gene is mapped to chromosome 17
(Skow and Donner 1985), which was not
stained by our probe (not shown), it
specifically identified the transgene.
Surprisingly, our transgene integrated near
the position of myelin protein zero (P0),










transgenic mice 32     0.87        4.0     6.1     2.8
control mice  26    0.80        3.7     5.7     2.6
which is located at position 1Q H3 (You et
al., 1991)  and is involved in Charcot
Marie Tooth Disease type 1B (Kulkens et
al., 1993).
Southern and Western blot analysis of
myelin protein zero.
Although FISH analysis provides a strong
indication of the position of the transgene,
analyses of the exact location is still
necessary. Southern hybridization
confirmed that the transgene did not
incorporate into the P0 gene (not shown),
which is a candidate gene in certain forms
of HMSN (Giese et al., 1992), excluding a
direct effect of integration on P0.
However, the fact that the P0 gene
appeared not to be altered, does not
guarantee a normal P0 expression.
Upstream regulating promoter elements
 still could be affected. Using Western
blotting, no differences in
immunoreactivity between control and
transgenic mice for P0 were observed (fig.
2A), implying that the normal expression
of P0 was not disturbed. αA-Crystallin is,
as could be expected, present in the
peripheral nerves of the transgenic mice
but absent in the nerves of the control
animals (fig. 2B).
Determination of enzyme activity
Although the observed pathology
resembled neuroaxonal dystrophy to a
much higher degree than ALS or HSMN
one should rule out these diseases by
analyzing parameters known to be
characteristics for these diseases.
Since oxidative stress, due to increased O2-
concentrations, is believed to be important
Figure 1
Detection of the transgene pVimαA (green label) on chromosome 1 (red label) by fluorescence in situ
hybridization. Panel A) Probe pVim-αA was hybridized to a metaphase spread of chromosomes derived from
bone marrow cells. Panel B) Partial karyotype; localisation of the transgene to chromosome 1. The integration





Western blots after SDS-page of peripheral nerve
proteins stained with a monoclonal antibody
directed against P0 (panel A) and a polyclonal
antibody directed against αA-crystallin (panel B).
Lane 1) pre-stained marker (NOVEX); lane 2)
transgenic mouse F13 48 male; lane 3) transgenic
mouse F13 60 female; lane 4) control mousse F13
78 male and lane 5) control mouse F13 81 female
in causing ALS (Przedborski et al., 1992;
Gsell et al., 1995), the activities of
antioxidant enzymes like SOD and catalase
present in the spinal cord protein fraction
were compared to the activities of those
enzymes in comparable fractions of control
animals. Furthermore the activity of
transglutaminase was analyzed, since an
increased enzyme activity is associated
with the early stages of post-ischemic
infarction and a marker for tissue
degeneration (Fujita et al., 1995).
Superoxide dismutase. To initially test if
there was any activity at all, spinal cord
protein was subjected to basic urea gel
electrophoresis. One gel was used to detect
SOD activity (fig. 3A), the other one was
stained with Amido Black to show the
corresponding protein content of the spinal
cord samples (fig. 3B). All spinal cord
extracts showed SOD activity, the gel
became uniformly blue due to Nitro Blue
Tetrazolium (NBT) staining, except at
positions containing SOD activity. To
examine the enzyme activity more
accurately, the inhibition of oxidation of
xanthine by xanthine oxidase was followed
by means of a decrease in the reduction
speed of NBT. In the presence of air the
transfer of oxygen to NBT is inhibited by
SOD giving rise to a decreased reduction
speed of NBT. Spinal cord extracts of 8
animals provided the source of SOD. No
differences in SOD activity between
control animals and transgenic animals
could be observed (not shown).
Catalase activity. Since no differences in
SOD activity could be detected catalase a
scavenger for H2O2, the reaction product of
SOD activity (O2- + O2- + 2H+→ H2O2 +
O2) was tested subsequently. A decrease in
extinction due to removal of H2O2 by
catalase was followed at 240 nm. The rate
of decrease of the H2O2 extinction
corrected for the amount of protein present
in 5 µl spinal cord homogenate. No
decrease in catalase activity in spinal cord
extracts could be observed between control
and transgenic mice (data not shown).
Transglutaminase activity. Since
differences in SOD and catalase activity
were undetectable, activity of
transglutaminase (TG), a marker for tissue
degeneration (Fesus et al., 1988) was
analyzed. TG activity is upregulated within
minutes after ischemic infarction (Fujita et
al., 1998). However, in our transgenic
animals no upregulation of TG activity
could be observed (data not shown).
As was already suggested by the
morphological data (de Rijk et al., 2000)
and confirmed by the above mentioned
data, the phenotype of transgenic animals
is in good agreement with neuroaxonal
dystrophy and, therefore, both ALS and
HSMN can most certainly be ruled out.
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Figure 3.
Gel electrophoresis of spinal cord extract. Panel A) Basic urea gel showing SOD activity by disappearance of
blue staining. Panel B) Corresponding gel showing protein content by staining with amido black.
Lane 1) bovine α-crystallin, containing the non-phosphorylated (αA and αB) and mono-phosphorylated α-
crystallins (αAp and αBp); lane 2) transgenic mouse F7 1 female; lane 3) control mouse F7 2 female; lane 4)
control mouse  F7 3 female; lane 5) transgenic mouse F7 17 male; lane 6) transgenic mouse F7 18 male; lane 7)
transgenic mouse F7 98 male; lane 8) transgenic mouse F7 99 male. X= blank.
Discussion
As described previously, transgenic mice
expressing hamster αA-crystallin develop
a pathology resembling, to a certain extent,
ALS, HMSN and neuroaxonal dystrophy.
To discriminate between these diseases and
to unravel the underlying mechanism the
animals were subjected to thorough
examination.
The observed phenotype showed
morphologically (de Rijk et al., 2000) as
well as with the data presented in this
paper the best resemblance to neuroaxonal
dystrophy. Both the central and peripheral
nerve systems are affected as is the case in
Seitelberger’s disease (Schindler et al.,
1989). Large dystrophic axons are
observed that display tubulovesicular
arrays and swollen mitochondria which are
also found in neuroaxonal dystrophy
(Seitelberger, 1986). Biochemically, the
transgenic mice show a significantly
increased mean blood sugar level, which in
man is known to cause neuroaxonal
dystrophy. Moreover, in case of a
neuropathology due to diabetes or a defect
in α-N-acetyl galactosaminidase, the blood
and urinary sugar levels are elevated
(Linden et al.,1989). Due to the high
number of mice tested, blood sugar levels
appear significantly higher in the
transgenic mice compared to the control
animals (4.0 ± 0.87 mmol/l versus  3.7 ±
0.8 mmol). However, from the recent
literature it is known that ninety-five week
old-mice showing a mild spontaneous
peripheral neuropathy have blood sugar
levels of 6.5-7.6 mmol/l. Furthermore,
littermates that have received treatment to
decrease blood sugar levels to 2.4-5.4
mmol/l develop an exacerbated neuropathy
(Ikegami et al., 2000). The blood sugar
levels of that we observed are in the range
of the lower levels as described by Ikegami
and co-workers and show less difference in
the mean blood sugar level between the
control and the transgenic mice. Therefore,
we conclude that although their is a slight
increase in blood sugar levels in the
transgenic mice, the phenotype displayed
by our mouse strain will not likely be
caused by this elevated concentration.
A case report studying inherited
neuroaxonal dystrophy revealed that the
patients suffered from a markedly deficient
activity of the lysosomal glycosidase α-N-
acetyl galactosaminidase (Wolfe et al.,
1995). However, a defect of α-N-acetyl
galactosaminidase due to the integration of
the transgene is not expected since the
A                                                  B
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Figure 4. Panel A) Transgenic mouse showing hind limb paralysis at 8 weeks of age. Panel B) control mouse.
gene encoding α-N-acetyl
galactosaminidase is mapped to mouse
chromosome 15 whereas our transgene
integrated in chromosome 1.
Although the pathological resemblance to
ALS is marginal, it had to be excluded.
ALS, essentially a disease of the CNS is
characterized by degeneration and loss of
motor neurons and reduction in number of
large myelinated fibers in the cervical and
lumbar ventral roots and a decrease in size
of the ventral roots can be observed
(Tandan and Bradley, 1985; Aizawa et al.,
2000). In the transgenic mice, however, the
dorsal roots are thinning (de Rijk et al.,
2000). These data together with the
vacuoles seen in axons and dendrites in a
mouse model (Wong et al., 1995) made
ALS a weak but possible candidate.
Oxidative stress has been suggested to be a
significant factor for the pathogenesis of
neuronal degeneration in the spinal cord of
human ALS. Fujita and co-workers (1998)
showed that in transgenic mice with a
mutated SOD gene paralysis in one or
more limbs could be observed, as well as
motor neuron loss from the spinal cord.
Mice suffering from this mutation died
premature. In contrast, in our transgenic
mice the enzyme activities for SOD,
catalase and transglutaminase, known to be
altered in ALS (Fujita et al., 1998)
appeared similar to the activities found in
the control mice. Furthermore, hind limb
paralysis (fig. 4) was not detected until 8
weeks of age, the morphological
resemblance is marginal (de Rijk et al.,
2000) and the phenotype was not directly
lethal. Therefore we concluded that the
possibility of ALS should be excluded.
The third pathology, HMSN, that was
taken into account is caused by alterations
in, for instance, the peripheral myelin
protein 22, P0, Sox 10, connexin 30 or
connexin 32. FISH analysis revealed that
our transgene is mapped near to the
position of P0 (1Q H3) on chromosome 1Q
G3-H2,. Since P0 is a major peripheral
protein involved in compaction of the
multilamellar myelin sheet (Kulkens et al.,
1993) disturbance of the expression of P0
might at least partially cause the observed
pathology. With respect to the other known
genes that may cause HMSN, it seems
unlikely that the transgene interferes with
their expression since they are all mapped
to other chromosomes (Suter et al., 1992;
Herbarth et al., 1998; Dahl et al., 1996;
Schwarz et al., 1992 and Herrmann et al.,
1998). However, direct effects of protein-
protein interactions remain elusive.
Southern hybridization revealed that the
transgene had not integrated into the gene
encoding P0. Also by Western blotting no
A                                                                      B
effect of the overexpression of αA-
crystallin on the expression of P0 could be
observed. Therefore, a defect in P0, which
results in demyelination of peripheral
nerves, is not causing the pathology as
observed in our transgenic mice. Although
HSMN normally is not causing the severe
CNS pathology (Hoffmann, 1889; Dyck et
al., 1993), HSMN has not completely been
rejected.
A pathology that also might be caused by
expression of a transgene has been
observed in a  mouse strain expressing the
human MDR-gene under direction of the
same vimentin promoter (Smit et al., 1996)
as used in the construct to generate the
mouse strain described here. The MDR
transgenic mouse strain showed slowed
motor nerve conduction and demyelination
of their peripheral nerves, which resulted
in paresis of the hind legs. Furthermore,
the MDR transgenic mice showed, in
addition to the peripheral nerve pathology,
visible alterations in eyes and muscle.
Light microscopical analysis of the spinal
cord showed no apparent abnormalities.
However, in our transgenic mouse strain
no alterations were observed in muscle,
while a pathology was found in the spinal
cord (de Rijk et al., 2000). The similarities,
demyelination of peripheral nerves and
paresis of the hind legs observed in the
transgenic mouse strains, could be due to
the fact that both the transgenic proteins
are expressed in the same tissues due to the
usage of the same promoter construct.
However, the differences could be
explained by the fact that MDR is a large
membrane protein (van den Heuvel-
Eiberink et al., 2000) that might be
expected to interfere with normal
membrane composition or membrane
wrapping of Schwann cells, whereas αA-
crystallin is known to be a cytosolic
protein (Bloemendal, 1977)
The above data led us to conclude that
overexpression or alteration of protein
expression in a well balanced environment
like Schwann cells or axons will eventually
result in neuroaxonal dystrophy. Therefore
in our transgenic mouse strain the
neuroaxonal pathology most likely is
caused by changes in metabolism as is
found in case of diabetic neuropathies
(Schimdt et al., 1998), Seitelberger disease,
Hallervorden-Spatz disease, neuroaxonal
leukodystrophy (Seitelberger, 1986) and
for a deficient activity of the lysosomal α-
N-acetylgalactosaminidase (Wolfe et al.,
1995).
Although overexpression of αA-crystallin
has never been reported in the spinal cord,
it might hint to processes causing in man
neuroaxonal dystrophy. Therefore, the
neuropathological finding in this mouse
line suggests that it might be a useful
model in the study of neuroaxonal
dystrophies although further research will
be necessary to elucidate if all neuroaxonal
dystrophies result from disturbances in the
metabolism and how to prevent the
resulting pathology.
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Abstract
This study is a first approach to identify UVA-related
alterations in situ of bovine eye lens proteins from the
water-soluble and urea-soluble fractions upon aging.
The fractions were obtained from irradiated long-term
organ culture lenses and analyzed by mini two-dimen-
sional gel electrophoresis. This micropreparative meth-
od followed by computer analysis allows high resolution
and separation of microgram quantities of proteins and
to detect spots which arose as a consequence of irradia-
tion. To facilitate the analysis we first separated the
water-soluble fraction into the major crystallin classes by
gel filtration. Moreover, we immunoblotted the gel of the
urea-soluble fraction with a specific antibody against the
intermediate filament protein vimentin. Upon irradiation
of young and adult lenses, ·A-crystallin and vimentin
showed obvious modifications. During aging the suscep-
tibility to irradiation increased when vimentin started to
degrade, whereas deamidation of ·A-crystallin seems to
occur.
Copyright © 2000 S. Karger AG, Basel
Introduction
One of the consequences of aging is the deterioration of
vision. Aging in a closed system as the eye lens represents
the life-long accumulation of modification errors in mac-
romolecules like nucleic acids and proteins leading to
opacity (cataract), a major cause of blindness. Studies car-
ried out in recent years revealed that exposure to sunlight
and UV radiation is associated with an increased risk of
senile cataract and possibly even with senile macular
degeneration [1–4].
It has been shown by various investigations that during
aging there is an increased amount of high-molecular-
weight lens portein [5–7]. Moreover, posttranslational
modifications like deamidation and disulfide bond for-
mation [8, 9], phosphorylation [10] and fragmentation
[11] take place [for reviews, see 12, 13].
Damage of ocular lens protein constituents by UVA
irradiation has hitherto been studied with irradiated iso-
lated lens proteins [14, 15] and with irradiated lenses in
vitro [16, 17]. Our study addressed this problem upon
aging by an analysis of the proteins after irradiation of the
intact lens, following crystallin modifications during incu-
bation in long-term organ culture. It has been shown pre-
viously that UV radiation at 365 nm has a damaging
effect on different lens epithelial enzymes (ATPase, hexo-
kinase, catalase and glucose-6-phosphate dehydrogenase)
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which are involved in the metabolism and the defense
mechanism against oxidation [18, 19]. It has also been
demonstrated that the enzyme transglutaminase, which is
a calcium-dependent acyltransferase, may be involved in
the mechanism by which UVA causes damage to the eye
lens [20]. ß-Crystallin and ·B-crystallin are substrates for
the latter enzyme [21, 22]. Damage to these proteins by
UVA radiation can also affect lens transparency and the
effect may accumulate during aging.
In the present study, we addressed the question wheth-
er proteins from young and old bovine eye lenses have a
different susceptibility to UVA radiation. In order to
study the irradiation-related alterations upon aging of
proteins in the water-soluble and the water-insoluble lens
fractions, we have used mini two-dimensional polyacryl-
amide gel electrophoresis (PAGE). This method is much
faster than the procedure with the common large two-
dimensional gels, whereas the separation on the large gels
did not yield a higher resolution (not shown here). The
micropreparative method followed by computer analysis,
therefore, results in a high resolution of microgram quan-
tities of proteins and the detection of spots which arose as
a consequence of the UV radiation. Computer analysis
allows the determination of the coordinates of the spots
and comparison of protein modification from young and
adult bovine lenses upon irradiation in long-term organ
culture.
Material and Methods
Organ Culture System and UVA Irradiation of Lenses
Bovine lenses were excised from 1-year-old (called ‘young’) and 2-
to 4-year-old (called ‘adult’) eyes. Each lens was placed in a specially
designed culture chamber consisting of two compartments. The lens
was located between the two compartments leaving a clear space
filled with culture medium below and above the lens. Both lens sur-
faces were immersed in medium consisting of M199 with Earle’s salt,
6% fetal calf serum, penicillin (100 U/ml) and streptomycin (0.1 mg/
ml). The medium was changed for fresh sterile medium ever 24 h.
The culture conditions per se do not cause any apparent optical
change up to 40 days [23]. The lenses were incubated at 35 °C and
were irradiated through a Pyrex glass culture container. The 400-watt
UV lamp contained a filter which provided radiation of 8.5 mW/cm2
at 365 nm. Through the Pyrex cover, the radiation was 7.465 mW/
cm2 as measured by an IL 1700 Radiometer. The lenses received
33 J/cm2 of 365 nm energy when exposed for 3 times 25 min with
intervals of 15 min; this kind of irradiation was applied in all cases.
Upon irradiation the lenses were analyzed every 24 h throughout the
8-day culture period. The temperature of the culture dish did not
exceed 37°C. Lens optical quality measurements were carried out as
described previously [24]. For each time interval of control and irra-
diated lenses, we used 4 young and 4 adult lenses, respectively.
Preparation of Lens Extract
Lenses were dissected under a binocular stereomicroscope. A cut
along the equator was made, the epithelium was removed and the
lens was cut into three parts: cortex, equator and nucleus. The equa-
tor and the nucleus were immediately stored at –20°C for other
assays. The lens cortex was homogenized in 100 mM Tris buffer at
pH 7.5 and spun at 4°C in an Eppendorf tube at 13,000 rpm for
30 min. The supernatant is the water-soluble fraction. The pellet was
resuspended in 1 ml 5 M urea solution and centrifuged. The superna-
tant is the urea-soluble fraction. The third pellet was stored in 1%
SDS solution to be examined in forthcoming studies.
Gel Filtration of the Water-Soluble Fraction
Separation of the water-soluble fraction into ·-, ßH-, ßL- and Á-
crystallin was carried out by gel filtration on Sephacryl S-300 HR as
described by Slingsby and Bateman [25]. The column was loaded
with 100 mg/ml of water-soluble lens protein, and the separated frac-
tions were measured automatically at 280 nm. The protein concen-
tration was determined by the BCA assay (Pierce, USA).
Mini Two-Dimensional PAGE and Immunoblotting
Mini two-dimensional PAGE was performed under conditions
essentially as described by O’Farrell [26] for the normal two-dimen-
sional method. Minor modifications were: pre-electrophoresis for
15 min at 200 V, 15 min at 300 V and 30 min at 400 V with 0.02 N
NaOH (upper tank buffer) and 0.01 M H3PO4 (lower tank buffer).
Samples were solubilized in a mixture containing 10% SDS, 20%
Triton X-100, 10% ampholytes, pH 3–10, 10% ß-mercaptoethanol
and 50% glycerol. Thereafter buffers were replaced by fresh buffer,
and 20 Ìg protein were placed onto the microtube gels. Electrophore-
sis was for 4 h at 750 V. For the second dimension, the first-dimen-
sion gels were placed above 13% polyacrylamide-SDS slab gels as
described by Laemmli [27] and covered with 1% agarose solution.
After running, spots were visualized by Coomassie brilliant blue
staining. Following electrophoresis, the resulting gels of the urea-
soluble fraction were elctroblotted onto nitrocellulose paper, and
Western blotting analysis was performed with a specific antibody to
identify vimentin. (The monoclonal antibody RV202 to bovine lens
vimentin used was a kind gift of Prof. Ramaekers, University of
Maastricht.)
Computer Analysis
Analysis of the resulting Coomassie-blue-stained two-dimension-
al gels was performed using a Master scan densitometer (Scanalytics,
Billerica, Mass., USA). This instrument uses an Intel processor com-
puter which was connected to video. A solid-state CCD camera was
used to acquire the raw gel images using an integration of 1,700 !
2,400 pixels. Raw images were then converted into a background-
corrected image by the vector array processor using a fast Fourier
transform algorithm to remove irrelevant staining. Individual spots
were identified by the computer and the area of these spots was inte-
Fig. 1. Mini two-dimensional PAGE of the water-soluble fraction
obtained from the cortex of young bovine lenses. IEF = Isoelectric
focusing; 1 = ·A1; 2 = ·A2; ·A = ·A-crystallin. a Protein profile of
control lens after 48 h in organ culture. b Protein profile of UVA-
irradiated lens after 48 h in organ culture. c Pseudocolored image of
two-dimensional gel pattern of a. d Pseudocolored image of two-
dimensional gel pattern of b. The arrow points to an extra spot.
Effect of UVA on the Aging of Lens
Proteins: Analysis by 2-D PAGE
Ophthalmic Res 2000;32:195–204 197
c
d




Effect of UVA on the Aging of Lens
Proteins: Analysis by 2-D PAGE
Ophthalmic Res 2000;32:195–204 199
grated in terms of optical density units. Since binding of Coomassie
brilliant blue is essentially a linear function of protein quantity, the
integrated optical density for each point may be assumed to be direct-
ly representative of the amount of protein present. The orthogonal
pixel coordinates for each protein spot were interpolated between
standards and converted into two-dimensional coordinate data in
terms of mass (14–94 kD) and pH (3.0–10.0). Integrated spot areas
were also calculated as a percentage of the total integrated area for all
the spots on each gel.
Results
Since this study is a novel way to analyze UV-pro-
voked effects upon lens proteins, we restricted ourselves
in a first approach to ·A-crystallin and to one of the lenti-
cular intermediate filament proteins, vimentin. ·A-Crys-
tallin is a major structural component belonging to the
family of small heat shock proteins which has more than
50% homology with its basic counterpart ·B-crystallin
[28, 29].
Bovine lenses were kept in organ culture. After 24 h of
incubation, they were irradiated with UVA at 365 nm,
and optical quality measurements were carried out during
the 8 days (192 h) of the experiments. The focal length of
the position of beams passed through young and old
lenses during scans (the focal length represents the focus
of the lens) has been described earlier [30]. Mini two-
dimensional PAGE reveals the changes of water-soluble
proteins from young lenses (fig. 1a, b) and old bovine
lenses following UVA irradiation (fig. 2a, b). Computer
analyses of the spots on the Coomassie blue-stained pat-
terns, comprising more than 1% of the total protein con-
tent, are shown in figure 1c and d for young lenses and in
figure 2c and d for adult lenses. The computer evaluation
provides also the coordinates of the individual spots.
Analysis of the alteration of water-soluble ·A-crystallin
could be carried out after separation on a Sephacryl S-300
gel filtration column of the water-soluble extract of young
and old control lenses (data not shown). The fractions of
·-crystallin obtained from young lenses were collected
and analyzed by mini two-dimensional PAGE as shown
in figure 3. Comparing the patterns of ·A-crystallin spots
Fig. 2. Mini two-dimensional PAGE of the water-soluble fraction
obtained from the cortex of adult bovine lenses. For abbreviations,
see figure 1. a Protein profile of control lens after 48 h in organ cul-
ture. b Protein profile of UVA-irradiated lens after 48 h in organ cul-
ture. c Pseudocolored image of two-dimensional gel pattern of a.
d Pseudocolored image of two-dimensional gel pattern of b. The
arrow points to an extra spot.
on these gels allows identification of UV alterations of the
proteins on the gels which are shown in figures 1 and 2.
The damaging effect of UVA irradiation on water-solu-
ble ·A-crystallin of young and adult lenses is reflected by a
reproducible increase in the molecular mass to higher val-
ues by 1–2 kD. Coordinates corresponding to the resulting
spots on the gels are listed in table 1. The percentage of
total optical density of ·A-crystallin changed, but whereas
it is higher for ·A-crystallin from irradiated young lenses, it
is reduced for ·A-crystallin from adult irradiated lenses.
An extra spot was seen after irradiation with the same sub-
unit molecular weight of ·A-crystallin in young lenses
(fig. 1b) and it was much clearer in adult ones (fig. 2b).
That the spot in the pattern of young lenses (fig. 1b) is not
due to streaking can be concluded from the computer anal-
ysis, where a clear spot was detectable (compare fig. 1d,
arrow). In view of the localization and migration distance
of the extra spots, this is presumably due to deamidation of
·A-crystallin as has been reported earlier of chicken lenses
[31]. The pI of water-soluble ·A-crystallin seems not to be
affected significantly by UVA irradiation.
The extra spots were also observed upon examination
of the two-dimensional gel pattern of urea-soluble ·A-
crystallin from control and irradiated lenses when young
and adult bovine lenses are compared (fig. 4, 5). The coor-
dinates of ·A-crystallin are listed in table 2.
Identification of vimentin on the gel slab by immuno-
blotting with the corresponding specific antibody is de-
picted in figures 4 and 5. After the reaction with antivi-
mentin it may be concluded that upon irradiation vimen-
tin in the urea-soluble fraction of adult lenses has partially
been degraded (fig. 6b; compare to control in fig. 6a). No
degradation of vimentin from young lenses could be
observed (data not shown).
Discussion
Two-dimensional PAGE has been used as a tool to
characterize and identify lens proteins and their modifica-
tions in different species [32–34]. Age-related alterations
have been investigated by Werten et al. [35] and Lampi et
al. [36]. In the present study, we have identified age-relat-
ed modifications and changes of ·A-crystallin and one of
the major urea-soluble cytoskeletal lens proteins following
irradiation. With the organ culture system we were able to
check the optical quality of bovine lenses of different ages,
to irradiate and to compare their susceptibility to UV.
Mini two-dimensional PAGE and computer analyses of
the results illustrate the alterations.
·A1-Crystallin
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Fig. 3. Mini two-dimensional PAGE of the water-solu-
ble ·-crystallin fraction obtained from the cortex of
young bovine lenses. Separation of ·-crystallin was car-
ried out by gel filtration and used to identify ·A- and
·B-crystallin positions on the two-dimensional gels
(fig. 1 and 2). For abbreviations, see figure 1. a Protein
profile of control lens. b Pseudocolored image of two-
dimensional gel pattern of a.
Table 1. Coordinates of water-soluble
·A-crystallin of young and adult control
and UV-irradiated lenses obtained upon















Control 6.0 21 5.2 6.0 21 19.0
UV-irradiated 6.0 21 4.5 6.0 23 12.3
·A2-Crystallin
Control 6.1 20 7.5 6.2 20 13.0
UV-irradiated 6.3 21 10.0 6.3 22 18.0
Fig. 4. Mini two-dimensional PAGE of the urea-soluble fraction obtained from the cortex of
young bovine lenses. For abbreviations, see figure 1. a Protein profile of control lens after
48 h in organ culture. b Protein profile of UVA-irradiated lens after 48 h in organ culture.
c Pseudocolored image of two-dimensional gel pattern of a. d Pseudocolored image of two-
dimensional gel pattern of b.
b
cd
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Fig. 5. Mini two-dimensional PAGE of the urea-soluble fraction obtained from the cortex of adult bovine lenses. For
abbreviations, see figure 1. a Protein profile of control lens after 48 h in organ culture. b Protein profile of UVA-irradiated
lens after 48 h in organ culture. c Pseudocolored image of two-dimensional gel pattern of a. d Pseudocolored image of
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Fig. 6. Western blots of two-dimensional gel of the urea-soluble fraction obtained from the cortex of adult bovine lenses
(fig. 4, 5). Immunoblotting was performed with the specific antibody to identify vimentin (see methods). For abbrevia-
tions, see figure 1. a Control lens after 48 h in organ culture. b Irradiated lens after 48 h in organ culture.
Table 2. Coordinates of the urea-soluble
·A-crystallin of young and adult control
and UV-irradiated lenses obtained upon















Control 6.0 21 9.3 6.0 21 29.5
UV-irradiated 6.0 22 36.0 6.0 23 7.1
·A2-Crystallin
Control 6.2 20 25.0 6.2 20 18.4
UV-irradiated 6.3 21 6.6 6.1 22 3.2
Comparing control lenses to UVA-treated young and
adult lenses, it appeared that ·A-crystallin derived from
the water-soluble and the urea-soluble fractions has been
affected by irradiation. Our results show that some
changes in molecular weight and appearance of extra
spots, likely due to deamidation of ·A-crystallin, occur
upon irradiation of young lenses. ·A-Crystallin of adult
bovine lenses seems to be more susceptible to UVA, as the
alterations in molecular weight and the putative deami-
dation are more pronounced. The most noticeable ef-
fect of UVA irradiation is seen in the urea-soluble frac-
tion derived from adult lenses. Here the optical density
dropped considerably both of the phosphorylated ·A-
crystallin (·A1) and the unphosphorylated form (·A2)
reflecting loss of protein (compare table 2, last column).
Recent studies by others have shown that during aging
and cataract formation, ·-crystallin undergoes major
posttranslational modifications, among which deamida-
tion, that alter the chaperone properties of this protein
[37].
Vimentin, a type III intermediate filament protein and
a major cytoskeleton component, has also been altered
and is partially degraded in UVA-treated adult lenses.
Surprisingly in young lenses after irradiation the molecu-
lar weight of vimentin has changed to a somewhat higher
value.
Several studies showed that in response to stress there
is some interaction between ·-crystallin with interme-
diate filaments and the cytoskeleton [38, 39]. Also, iso-
lated ·-crystallin irradiated in vitro (UVB) changed its
molecular chaperone function [40, 41], and 80-year-old
cataractous human lenses showed decreased chaperone-
like activity [42]. Modifications of the individual subunits
of ·-crystallin upon UVA irradiation may lead to changes
of the chaperone-like activities that affect the integrity of
other key proteins, like vimentin, resulting in cataract for-
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mation during aging. Further examination of modified ·-
crystallin will be carried out in our special long-term
organ culture system, to clarify the role of this protein fol-
lowing the damaging effect of solar radiation on the eye
lens which may lead to cataract.
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In Vitro Filament-like Formation upon Interaction
between Lens a-Crystallin and bL-Crystallin
Promoted by Stress
Orly Weinreb,1 Anke F. van Rijk,1 Ahuva Dovrat,2 and Hans Bloemendal1
PURPOSE. To determine whether a-crystallin is capable of forming filament-like structures with other
members of the crystallin family.
METHODS. Water-soluble crystallins were isolated from calf lenses and fractionated into a-, bH-, bL-,
and g-crystallins according to standard procedures. Chaperone-like activity of a-crystallin was
determined in control and UV-A–irradiated lenses by the heat-induced aggregation assay of bL-
crystallin. Protein samples from this assay were analyzed by electron microscopy. In vitro filament
formation was examined by transmission immunoelectron microscopy using specific antibodies
directed against the crystallins. Involvement of intermediate filament constituents was excluded by
the results of Western blot analysis, which were all negative. Moreover, the in vitro amyloid fibril
interaction test using thioflavin T (ThT) was also performed.
RESULTS. At the supramolecular level heating at 60°C has no effect on the morphologic appearance
of a-crystallin as observed by transmission electron microscopy. Moreover a-crystallin obtained
from UV-A–irradiated lenses shows a virtually identical shape. However, heating in the presence of
bL-crystallin results in the formation of filament-like ab-hybrids as demonstrated by immunoelec-
tron microscopy using specific antibodies directed either against a- or bL-crystallin. Parallel
experiments with a-crystallin derived from UV-A–irradiated lenses showed even more pro-
nounced filamentous structures, compared with the controls. Nonetheless, we were able to
show that the UV-light treatment affected the chaperone-like capacity of a-crystallin, as
revealed by a diminished ability to inhibit in vitro denaturation of bL-crystallin. To exclude the
presence of cytoskeletal contamination in the crystallin preparations, vimentin antibodies were
also tested. These latter experiments were negative. The filamentous nature of the hybrids was
further confirmed by the results obtained with the ThT assay earlier applied for the detection
of amyloid fibrils.
CONCLUSIONS. Crystallin hybrids have previously been detected in the water-soluble lens crys-
tallin fraction. Our findings indicate that such endogenous hybrids, formerly called “rods,” may
result from stress-induced interaction between a-crystallin and other lens constituents such as
bL-crystallin. Because the hybrid formation is enhanced when a-crystallin from UV-A–irradiated
lenses is used as one of the two components of the hybrid, one can only speculate that this
formation may be one of the factors leading to UV-A cataract. (Invest Ophthalmol Vis Sci. 2000;
41:3893–3897)
Two members of the small heat shock protein family,
1,2
aA- and aB-crystallin, possess molecular chaperone
properties.3 A decade ago it became apparent that these
two polypeptides, which form 800-kDa aggregates in the lens,
also exist in a variety of other tissues.4–6 Current studies
indicate that small heat shock proteins like aB-crystallin are
able to interact with intermediate filaments in response to
stress and to function as molecular chaperones.7–10 Earlier
ultrastructural observations showed that crude fractions from
chicken lens consisted of 5- to 6-nm-thick core filaments and
irregularly sized globular particles 15 to 20 nm in diameter
called “beaded filaments.”11 It was noted that the “beads” had
dimensions that were similar to native a-crystallin.12 Moreover,
two proteins with molecular masses of 115 and 49 kDa, re-
spectively (named filensin and phakinin), have been localized
in the beaded filament fraction of the lens with the aid of
immunoelectron microscopy.13,14 However, the question still
remains whether or not other lens proteins may be involved in
the formation of filamentous structures. In this report we
demonstrate that water-soluble a-crystallin has the ability to
form, in response to heat stress, in vitro filament-like structures
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with one other crystallin, namely bL-crystallin. This filament
formation is enhanced by UV-A irradiation.
METHODS
UV-A Irradiation
Lenses, excised from 2- to 4-year-old bovine eyes, were irradi-
ated in special organ culture glass vessels described previously
by Dovrat and Weinreb.15 Briefly, a 400 W UV lamp (Vilber,
Lourmat Cedex, France) contained a filter that provided radia-
tion of 33 J/cm2 for 75 minutes at 365 nm.
Fractionation of Crystallins
Lenses were dissected under a binocular stereomicroscope.
The lens cortex was homogenized in 100 mM Tris buffer at pH
7.5 and spun at 4°C at 13,000g for 30 minutes. The supernatant
comprises the water-soluble lens fraction. Separation of this
fraction into a-, bH-, bL-, and g-crystallin was carried out by gel
filtration on a Sephacryl S-300 (Pharmacia-LKB, Uppsala, Swe-
den) HR column.16
Chaperone-like Activity
The chaperone-like activity of a-crystallin from control and
UV-irradiated lenses was determined by the heat-induced ag-
gregation assay of bL-crystallin at 60°C.3 The proteins were
dissolved in a solution of 20 mM sodium phosphate, 100 mM
Na2SO4, 10 mM EDTA, at pH 6.9. The assay was performed at
a concentration of 0.25 mg/ml substrate protein and 0.05
mg/ml a-crystallin.
Electron Microscopy
Protein samples from the heating assay were also analyzed by
electron transmission microscopy. Samples were negatively
stained with uranyl acetate (1% v/v). The in vitro filament
formation of a-crystallin from control and UV-treated lenses
with bL-crystallin was followed by immunoelectron micros-
copy using antibodies against vimentin, aA-, aB-, and bL-crys-
tallin. The grids were examined with a transmission electron
microscope (Jeol TEM1210, Tokyo, Japan) using 70 to 80 kV.
Thioflavin T Interaction Assay
Fluorometric determinations were carried out using the thio-
flavin T (ThT) interaction assay at excitation and emission of
450 and 482 nm, respectively.17
RESULTS
Electron Microscopy
Micrographs of mixtures of a- and bL-crystallin, obtained from
control lenses and a-crystallin from UV-A–treated lenses, which
were separately heated at 60°C, are shown in Figure 1. Appar-
ently heating has no effect on a-crystallin obtained from the
control lenses (Fig. 1A), because comparison with previously
FIGURE 1. Electron micrographs of (A) a-crystallin obtained from con-
trol lenses (bar, 200 nm); (B) a-crystallin from UV-A–treated lenses
(bar, 200 nm); (C) bL-crystallin obtained from control lenses separately
heated at 60°C (bar, 500 nm). Complexes were visualized by negative
staining with uranyl acetate.
FIGURE 2. Immunogold labeling with anti–aA-crystallin of samples
from the heating assay. 0.05 mg of a-crystallin from control lenses
incubated with 0.25 mg bL-crystallin at 60°C. F, filament-like chains;
aA, labeling (bar, 500 nm).
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published electron micrographs of nonheated a-crystallin re-
vealed no detectable morphologic differences.18 Normal
a-crystallin consists of molecules having an apparent spherical
structure, with a diameter of approximately 17 nm. Likewise
a-crystallin obtained from irradiated lenses shows a similar
shape, albeit the size is somewhat smaller (Fig. 1B). After
incubation at 60°C, bL-crystallin (Fig. 1C) lost its irregular
spherical shape when compared with nonheated b-crystallin as
described earlier.18
The in vitro filament formation was also examined by
immunoelectron microscopy (Fig. 2). Anti–aB- and anti–bL-
crystallin labeling yielded identical results (not shown). The
formation of filament-like structures can be observed after the
heating assay at 60°C using 0.05 mg a-crystallin obtained from
control lenses with 0.25 mg bL-crystallin. The identical exper-
iment with a-crystallin from irradiated lenses (Figs. 3A, 3B)
showed more pronounced filament-like structures compared
with the control. The results show that UV-A irradiation pro-
motes the filament-like formation. Experiments with anti-vi-
mentin were negative showing that no intermediate filament
component was involved in the crystallin hybrid formation.
Chaperone-like Activity
The chaperone-like activity determined with the aid of the
protein scattering at 360 nm is depicted in Figure 4. It can
be seen that this property of the water-soluble a-crystallin
was affected by UV-A light. Compared with controls (curve
II), a-crystallin derived from UV-A–irradiated lenses revealed
FIGURE 3. (A) Filament samples
from the heating assay. a-Crystallin,
0.05 mg, from UV-A–treated lenses
incubated with 0.25 mg bL-crystallin
at 60°C (bar, 500 nm); (B) filaments
at higher magnification (bar, 100
nm). F, filament-like structures; long
arrows in (B), labeling with anti–aA-
crystallin.
FIGURE 4. Chaperone-like activity of
water-soluble a-crystallin fraction ob-
tained from the cortex of control and
UV-A–irradiated bovine lenses deter-
mined by heating assay at 60°C with
0.25 mg of bL-crystallin and 0.05 mg
of a-crystallin.
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a decreased ability to inhibit bL-crystallin denaturation in
vitro (curve III). Curve IV represents bL-crystallin in the
absence of a-crystallin. Furthermore, a-crystallin obtained
from control and UV- irradiated lenses did not denature
during 30 minutes of incubation at 60°C (compare the
coinciding curves Ia and Ib). These results are consistent
with previous reports that described decreased chaperone-
like activity of a-crystallin on UV-B irradiation.19 –21
ThT Interaction Assay
The results of the ThT test are depicted in Figure 5 This assay,
in which fibrils convert to a b-sheet configuration in vitro, has
previously been successfully applied for detection of amyloid
fibrils.17 It can be seen that heated bL-crystallin or heated
bL-crystallin plus a-crystallin from control lenses produced a
10 times higher fluorescence value than heated a-crystallin
obtained from control and UV-irradiated lenses alone. The
amount of fluorescence increased when heated bL-crystallin is
assembled with a-crystallin from UV-treated lenses.
CONCLUSION
Previously Slingsby et al.22 suggested a new model for crystallin
assembly in lens fiber cells. In the highly hydrated solution-like
region of the lens, it is envisaged that weak interaction be-
tween subunits such as those of b-crystallin will occur, forming
elements of a network with dynamic branching. An open gel
structure would maintain protein–protein interactions at a
high concentration, covering the more prominent hydropho-
bic regions and preventing random aggregation of sub-
units. This may possibly explain the present observation that
(heated) bL-crystallin assembles with a-crystallin, resulting in
filament-like structures. It cannot be excluded that one or more
of UV-A–provoked alterations23 are related to the ability of
water-soluble a-crystallin to form filaments in vitro more effi-
ciently than with a-crystallin derived from control lenses. The
in vitro filament-like chains identified by electron microscopy
after irradiation have a high degree of morphologic similarity to
the ab-hybrids that have been described previously after re-
constitution of the dissociated total mixture of the water-
soluble crystallins.18 Dhir et al.24 have recently shown by in
vitro UV-A irradiation of recombinant aA-crystallin that sensi-
tized photooxidation can occur in amino acids other than Trp
in the presence of kynurenine or 3-hydroxykynurenine with
effects similar to, albeit smaller than, direct UV-B photooxida-
tion. In the old lens, other types of sensitizers may be opera-
tive, such as advanced glycation end products (AGE). Finley et
al.,25 studying the photooxidation sites in bovine aA-crystallin,
found that in addition to Trp, Met and His were photooxidized.
Their conclusion is that the N-terminal region of aA-crystallin is
exposed to an aqueous environment and is in the vicinity of
Trp from neighboring subunits. Albeit we did not try to identify
the exact site of photooxidation being beyond the aim of our
study, it might well be that particularly AGE could play a role
as sensitizer because we used adult bovine lenses. Besides, the
relatively large amount of NAD(P)H in bovine lens could also
initiate photochemical processes as it does in human and
rabbit lens cells.26 Furthermore, the ThT interaction assay,
which is used as a method for the demonstration of b-sheet
conformation and which appeared previously to be a useful
tool for detection of amyloid fibrils in vitro,17 provided addi-
tional evidence for possible ab-crystallin filament formation
(Fig. 5). According to Levine,27 it is very likely that both the
b-sheet conformation and the aggregation state provide the
environment to stabilize the long wavelength ThT fluorescent
complex, regardless of the identity of the participating pep-
tides. Therefore, at least some of the endogenous filament-like
structures that have been demonstrated in the lens may result
from interaction of a-crystallin with other proteins such as
bL-crystallin under stress conditions. This might provide a clue
regarding the processes leading to the development of UV
cataract.
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α-Crystallin was first identified as a major structural eye lens protein. It occurs as large
globular complexes of up to 800 kDa and is composed of two related subunits of 20-kDa, αA-
and αB-crystallin (Bloemendal, 1977). In the eye lens the vast amount of α-crystallin
provides the refractive index needed to maintain proper vision (Delaye and Tardieu, 1983;
Bloemendal et al., 1989). Since the α-crystallins are also found in other tissues one can
imagine that they do have a second function besides maintaining a proper refractive index in
the eye lens. In healthy individuals αB-crystallin is found in heart, skeletal muscle, spleen,
kidney and in nervous tissue (Iwaki et al., 1990; Lutsch et al., 1997), whereas αA-crystallin is
still more or less considered to be a lens-specific protein, although it is found at very low
levels in spleen, thymus, retina, intestine, liver, kidney, adrenal gland, cerebellum and
brainstem ( Kato et al., 1991; Maeda et al., 1999).
It is known already for some time that α-crystallin in vitro can function as a molecular
chaperone (Horwitz, 1992) by keeping denaturing proteins in solution and preventing them
from aggregation. Furthermore, the most conspicuous in vivo feature of α-crystallins is their
ability to confer thermotolerance upon overexpression in different cell types (Klemenz et al.,
1991).
Although these features are already known for a long time it is still not clear what the precise
function of α-crystallin is and how it accomplishes this task. Structural information about the
α-crystallin complex in addition to mutational information about the subunits might be
helpful in revealing the mode of action of α-crystallin. However, till now no direct evidence
about the quaternary structure of α-crystallin is available. Cryo-electron microscopy (Haley et
al., 1998) on αB-crystallin homo-multimers revealed the presence of a large central cavity
and an asymmetric quaternary structure in agreement with the variance in size as found by
size exclusion chromatography. Crystallographic data obtained from the small heat shock
protein Hsp16.5 of the archae-bacterium Methanococcus jannaschii (Kim et al., 1998) also
revealed a hollow sphere. Since M. jannaschii Hsp16.5 shows sequence homology to α-
crystallin, extrapolating these data will also predict, in agreement with the cryo-electron
microscopic data, a hollow complex for the α-crystallins. Some additional information about
the function of α-crystallin may be provided by the experiments described in this thesis which
may reveal or hint to at least part of the in vivo function. Generating transgenic mice
overexpressing hamster αA- and  αAins-crystallin provided us with the data that the
expression levels of αB-crystallin are not influenced by αA-crystallin. No increase in αB-
crystallin expression could be observed in heterozygous as well as homozygous transgenic
mice.
Pursuing the nuclear staining for the small heat shock protein αB-crystallin.
Confocal microscopical analysis of cultured cells obtained from a retinoblastoma (dissected
from a transgenic mouse overexpressing αA-crystallin and observed only once) showed a
clear nuclear staining with an antibody directed against the C-terminal tail of αB-crystallin,
whereas αA-crystallin was decorated only in the cytoplasm of the same cells (not shown).
This observation led us to study the fate of αB-crystallin in other cell types. Although αB-
crystallin till then was considered to be a cytoplasmic protein (Kato et al., 1998; van de
Klundert et al., 1998) we explored data that might hint to a possible role for αB-crystallin in
the nucleus of a variety of cells (chapter 2).
Bhat and coworkers (1999) showed by transient transfection of CHO cells, which are devoid
of αB-crystallin, that exogenous αB-crystallin indeed can be decorated in the nucleus of those
cells. Furthermore, Singh et al. (1998) already suggested a DNA-binding motif for α-
crystallin, since single and double stranded DNA crosslinked mainly with tetramers of α-
crystallin subunits. Additionally, the observed co-localization of αB-crystallin with the
splicing factor SC35 may hint to a specific role or a function of αB-crystallin in nuclear
speckles. However, the significance of the location of αB-crystallin in the nucleus of
unstressed cells remains to be definitely elucidated.
Misteli et al., (1997) showed that pre-mRNA splicing factors, to which SC35 belongs, are
recruited to places of gene activation by dynamic redistribution to the site of transcription.
Inhibition of the transcription machinery resulted in relocalization of SC35 from transcription
sites into bigger less numerous speckles (Bergman et al., 1995; Spector, 1996). Those
speckles containing SC35 can act as storage places for splicing factors from which they will
be supplied. The presence of αB-crystallin in those speckles might suggest that it plays a role
in protection or storage of these splicing factors. Other factors or heat-shock proteins might
take over the protective function of αB-crystallin in cells, like CHO cells, that lack αB-
crystallin expression.
It can be argued that culturing or transfection per se in principle means a stress situation
giving rise to a nuclear speckled staining for αB-crystallin. Voorter et al showed that αB-
crystallin, relocalized by heat heat shock and collapses around the nucleus. In contrast,
however, Brzyska and co-workers (1998) showed that heat shock of primary oligodendrocytes
did not result in changes of the intracellular localization but only in increased concentrations
of αB-crystallin. Immunoreactivity for αB-crystallin in these cells was also found, as in our
cell lines, inside the nuclei. Furthermore, they found marked differences in the localization of
αB-crystallin in organotypic cultures, showing a cytoplasmic staining, compared to
dissociated cultures, displaying a nuclear staining. These data suggest that the possible
nuclear localization of αB-crystallin is not simply a response to stress. Therefore, it might
well be that sHsp’s are recruited in the nucleus when cells divide more rapidly than during in
vivo situations, to facilitate the splicing factors to function.
It appears, however, that the nuclear speckles could only be detected with the antibody
directed against the C-terminal tail of αB-crystallin. The fact that the other antibodies,
directed against other epitopes of αB-crystallin, do not decorate the nuclear speckles might be
due to masking of these epitopes by other proteins in the nucleus, or to the absence of
conformational epitopes in nuclear αB-crystallin. Alternatively, the fact that nuclear speckles
are only detected with this antiserum, might also reflect that it cross-reacts with an unrelated
nuclear protein that has an epitope resembling these 13 residues Although this possibility
cannot be excluded altogether it seems to be unlikely, as is discussed in chapter 2, by
performing pre-absorption experiments and by working with isolated nuclei.
In conclusion, we provide evidence that strongly suggests that αB-crystallin is present in a
speckled pattern in the nuclei of a wide variety of cells under normal culture conditions.
Pathogenesis of  axonal dystrophy and demyelination in αA-crystallin transgenic mice
Transgenic mice, overexpressing αA-crystallin under direction of the vimentin promoter,
developed a hind limb paralysis after 8 weeks of age. This unexpected finding raised the
question which role the crystallins might play in the observed phenotype. From the recent
literature its is known that under pathological conditions, αB-crystallin is abundantly present
in neurons, suggesting that it may be involved in aggregation and remodeling of
neurofilaments (Lowe et al., 1992). This assumed function of αB-crystallin is mainly based
on studies of neurodegenerative diseases like Alexander's disease, amyotrophic lateral
sclerosis (ALS), Pick's disease, prion disease and Alzheimer’s disease (Iwaki et al., 1989;
Iwaki et al., 1992; Renkawek et al.,1992; Kato et al., 1997).
We showed that the transgenic mice develop hindlimb paralysis after 8 weeks of age. In the
spinal cord of those animals many eosinophilic bodies of varying size are present, with the
majority found at the dorsal side. Electron microscopical analysis revealed that those
eosinophilic bodies represent swollen axons with accumulation of neurofilaments,
mitochondria, dense bodies, vesicular elements, tubular structures and thinning myelin sheets.
Some of these structures (e.g. membranes of tubulovesicular arrays in the nervous system of
mammalian species) are described as axonal dystrophy (Kretzschmar et al., 1987; Mukoyama
et al., 1989; Lowe et al., 1997). Spinal roots and sciatic nerves showed vacuolated structures
containing a small amount of debris, originating from myelin, and/or macrophages.
Furthermore, a marked reduction in the number of large myelinated fibers is present in the
cervical and lumbar ventral roots. Peripheral nerves show reduced numbers of large
myelinated fibers, acute axonal degeneration at all levels, and distal axonal atrophy can be
observed. Immunohistochemical analysis showed large deposites of αA-crystallin in
astrocytes of the spinal cord, and in the Schwann cells (a cell type in which the vimentin
promoter is known to be active (Lazarides, 1982)) of dorsal roots and sciatic nerves. In the
transgenic mice low levels of the transgenic protein are found in brain, moderate levels are
found in skeletal muscle and high levels are found in spinal cord, sciatic nerve, knee joint and
the eyes. Many of the areas positive for αA-crystallin in brain and spinal cord run parallel to
the mouse pyramidal tract (Armand, 1982; Kuypers, 1982). This tract is known to be
important in motor function, suggesting that in our transgenic mice strain the αA-crystallin
expression in the pyramidal tract led to the dysfunction of the hind limbs. However, it must be
taken into consideration that other mechanisms may underly the observed pathology. For this
reason, mice were biochemically analyzed.
Linden and co-workers (1989) showed that in case of a neuropathology due to diabetes or a
defect in α-N-acetylgalactosaminidase blood and urinary sugar levels are elevated. Although
the transgenic mice do show significant higher blood sugar levels compared to control
animals (4.0 ± 0.87 mmol/l versus 3.7 ± 0.8 mmol/l) it is not expected that the slight increase
in blood sugar levels will cause the displayed phenotype. Furthermore, from the recent
literature it is known that mice with blood sugar levels of  6.5-7.6 mmol/l develop a mild
peripheral neuropathy whereas their litter mates that have received treatment to decrease
blood sugar levels to 2.4-5.4 mmol develop an exacerbated neuropathy (Ikegami et al., 2000).
Since the effect as described by Ikegami (2000) is in contrast to the process seen in our mice
and since we only measured  a small increase in mean blood sugar level for the transgenic
mice relative to the control mice, we conclude that the phenotype displayed by our mouse
strain will not likely be caused by this elevated concentration.
In some patients, however, neuroaxonal dystrophy is not caused by diabetes but by a deficient
activity of the lysosomal glycosidase α-N-acetylgalactosaminidase (Wolfe et al., 1995).
Cytogenetic mapping of the transgene revealed that integration into the genome had not taken
place in the gene for α-N-acetylgalactosaminidase (chromosome 1 and 15 respectively)
Although the pathology of the transgenic mice only marginally resembled ALS (essentially a
disease of the CNS) this possibility had to be excluded too. ALS is characterized by
degeneration and loss of motor neurons and reduction in number of large myelinated fibers in
the cervical and lumbar ventral roots and a decrease in size of the ventral roots (Tandan and
Bradley, 1985; Aizawa et al., 2000). In the transgenic mice, however, the dorsal roots are
thinning (de Rijk et al., 2000). These data together with the vacuoles seen in axons and
dendrites in a mouse model (Wong et al., 1995) made ALS a weak but possible candidate.
Oxidative stress is known to play an important role in neuronal degeneration in the spinal
cords of human ALS. Furthermore it was shown that in transgenic mice with a mutated
superoxide dismutase (SOD) gene paralysis in one or more limbs as well as motor neuron loss
from the spinal cord occurred. Besides SOD, catalase and transglutaminase activities are often
found altered in ALS (Fujita et al., 1998).
In our transgenic mice, however, the enzyme activities for SOD, catalase and
transglutaminase appeared similar to the activities found in the control mice. Furthermore,
hind limb paralysis (chapter 6, fig. 4) was not detected until 8 weeks of age, the
morphological resemblance is marginal (de Rijk et al., 2000) and the phenotype was not
directly lethal. Therefore we concluded that the possibility of ALS should be excluded.
Furthermore, Hereditary Motor and Sensory Neuropathy (HMSN) (Dyck et al.,1993) is
caused by alterations in for instance the peripheral myelin protein 22, P0, Sox 10, connexin 30
or connexin 32. For example, P0 is a major peripheral protein involved in compaction of the
multilamellar myelin sheet (Kulkens et al., 1993) and disturbance of the expression of P0
might at least partially cause the observed pathology. FISH analysis revealed that our
transgene is mapped near to the position of P0 (1Q H3) on chromosome 1Q G3-H2. With
respect to the other known genes that may cause HMSN, it seems unlikely that the transgene
interferes with their expression since they are all mapped to other chromosomes (Suter et al.,
1992; Herbarth et al., 1998; Dahl et al., 1996; Schwarz et al., 1992; Herrmann et al., 1998).
However, direct effects of protein-protein interactions remain to be elucidated.
Southern as well as western blotting revealed that the transgene had not integrated nor
disturbed the expression of the gene encoding P0, and therefore a possible altered P0
expression is not the cause of the pathology as observed in our transgenic mice. Although
HSMN normally is not causing a severe CNS pathology (Hoffmann, 1889; Dyck et al., 1993),
HSMN is not completely rejected.
Smit and co-workers (1996) described a transgenic mice expressing the MDR gene under
direction of the same vimentin promoter construct as was used in front of the αA-crystallin
gene in our transgenic mice strain. The MDR transgenic mouse strain showed slowed motor
nerve conduction and demyelination of its peripheral nerves, which resulted in paresis of the
hind legs. In contrast to our transgenic mouse strain, visible alterations in eyes and muscle
were observed while light microscopical analysis of the spinal cord did not reveal any
apparent abnormalities.The similarities, demyelination of peripheral nerves and paresis of the
hind legs observed in the transgenic mouse strains, could be due to the fact that both
transgenic proteins are expressed in the same tissues due to the usage of the same promoter
construct. However, the differences could be explained by the fact that MDR is a large
membrane protein (van den Heuvel-Eiberink et al., 2000) that might be expected to interfere
with normal membrane composition or membrane wrapping of Schwann cells, whereas αA-
crystallin is known to be a cytosolic protein (van Rijk et al., 1999).
Morphologically the pathology of our transgenic mice showed the best resemblance to
neuroaxonal dystrophy. Both the central and peripheral nerve systems are affected as is the
case in Seitelberger’s disease (Schindler et al., 1989). Large dystrophic axons are observed
that display tubulovesicular arrays and swollen mitochondria which are also found in
neuroaxonal dystrophy (Seitelberger, 1986).
The above data led us to conclude that overexpression or alteration of protein expression in a
well balanced environment like Schwann cells or axons will eventually result in neuroaxonal
dystrophy. Therefore, in our transgenic mouse strain the neuroaxonal pathology most likely is
caused by changes in metabolism as is found in case of diabetic neuropathies (Schmidt et al.,
1998), Seitelberger disease, Hallervorden-Spatz disease, neuroaxonal leukodystrophy
(Seitelberger, 1986) and for a deficient activity of the lysosomal α-N-acetylgalactosaminidase
(Wolfe et al., 1995).
Characteristics of super αA-crystallin, a product of in vitro exon shuffling
To study αA-crystallin in a less complex environment, a mouse skeletal muscle cell line
C2C12, transfected with the same construct as used to generate the transgenic mouse strain
was established. This transfection provided us with two new proteins named super αA- and
super αAins-crystallin leading to a different direction of research. Careful examination of the
super proteins revealed that these proteins had arisen via exon shuffling, a classical hypothesis
of Gilbert (1978). From the literature it is known that, before integration into the genome,
plasmids are randomly cleaved, and may form concatamers in which the monomers are
oriented in the same direction (Coffin, 1990; Merrihew et al., 1996; Bishop, 1996). Unstable
loci where frequent double strand breaks and rearrangements occur are often a target for
integration into the genome of the concatamers (Merrihew et al., 1996). Short regions of
identity of approximately 5 bp, at junction points of illegitimate recombination, will clearly
facilitate the joining of the transfected and chromosomal DNAs (Bakker, 1990; Iwasaki et al.,
1995; Henderson and Simons, 1997). The short homologies CCCAT in exon 2 and intron 3 of
the hamster gene have apparently triggered the recombination leading to super αA-crystallin.
Moreover the CCCAT repeat contains a preferred triplet sequence, CAT, for nicking by
topoisomerase I, which is known to be directly involved in illegitimate recombination (Zhu
and Schiestl, 1996).
Illegitimate recombination might be considered as a rich source for genetic variation, causing
deletions, translocations and amplifications, the raw material for evolutionary changes. Since
it generates novel combinations of protein domains by exon shuffling, it is a major innovative
force in protein evolution (Gilbert, 1978). The exon-duplication mutant trapped by us reflects
authentic evolutionary mechanisms, and we therefore may conclude that exon shuffling plays
a fundamental role in increasing gene diversity (de Souza et al., 1996).
One can imagine that a haphazard insertion, addition, or duplication of a whole domain in a
protein, that has been molded during hundreds of million years is most likely to frustrate the
integrity of this protein. It seems surprising that such a gross structural intrusion is
accommodated by αA-crystallin, which is evolutionarily highly conserved, not having
accepted even a single amino acid replacement in the murine rodent lineage for at least 60
million years (Hendriks et al., 1987). We did, however, show that the in vivo and in vitro
viability of the super αA-crystallins does not seem to be seriously hampered by the
duplication of exon 3. The proteins are expressed to the same extent as the wild-types, display
a normal cytoplasmic distribution, are not rapidly degraded, do not disturb cell growth, are
incorporated into the normal α-crystallin complexes, and seem to be normally phosphorylated
(van Rijk et al., 1999). Furthermore, in vitro, super αA-crystallin behaves as a properly folded
protein. The super αA-crystallin, being stable and able to cope with the intracellular
environment, forms a realistic model for studying the evolutionary latitude of structure-
function relationships of the sHsps. In addition, the super proteins resemble the mysterious
evolutionary origin of αAins-crystallin, which must have occurred more than 100 million years
ago (Hendriks et al., 1988). It is thought that the 23-residue insert in αAins-crystallin can be
accommodated as a bulge at the surface or in any internal space of the crystallin complex
(Smulders et al., 1995A). The flexible quaternary structure of the α-crystallins might well
allow accommodation of the duplication in super αA-crystallin, that is right next to the insert
in αAins-crystallin, either in the central cavity or at the surface. Aligning sHsps from very
diverse organisms shows that major length variation is allowed notably around the site were
the inserts in αAins- and super αA-crystallin are located, indeed suggesting flexibility in the
quaternary structure (de Jong et al., 1998).
Although αAins-crystallin carries an insertion of 23 amino acids, it only displayed minor
differences with respect to size exclusion chromatography, morphology and chaperone-like
behavior (Smulders et al., 1995A). The insertion of 41 residues, however, has proven to have
a major impact on the properties of super αA-crystallin; both structure, stability and
chaperone-like activity appear altered with respect to normal α-crystallin (van Rijk et al.,
2000). In contrast to its loss of function, the recombinant super αA-crystallin behaves as a
properly folded protein. This was shown by the FRET-assay in which it readily exchanges
subunits with normal αA-crystallin, and therefore must be structurally compatible.
Furthermore, the limited increase of exposed hydrophobic patches seen in super αA-crystallin
suggests that the protein is correctly folded.
Exposure of hydrophobic areas, and the ability of sHsp complexes to dissociate and re-
associate, are considered to be most important for the chaperone-like capacity of sHsps
(Raman and Rao, 1994; Haslbeck et al., 1999; Bova et al., 1997; Koteiche and Mchaourab,
1999).
In αA-crystallin two hydrophobic patches have been recognized as the sites of chaperone-like
activity. The first patch is encoded by exon 1, containing residues 50-54, and the second and
larger one by exon 3, consisting of residues 79-99 (Sharma et al., 1998). The second patch
in αA-crystallin is confirmed as the true chaperone site, due to the fact that a synthetic peptide
corresponding to residues 70-88 by itself shows chaperone-like activity (Sharma et al., 2000).
Although this sequence is present twice, super  αA-crystallin has no chaperone-like activity at
all, suggesting that these sites are not accessible because of conformational changes brought
about by the duplication. Alternatively, or additionally, the greatly decreased thermostability
of super αA-crystallin - reflecting a lesser overall structural stability - likely contributes to the
reduction of chaperone-like activity. In accordance to various other  αA-crystallin mutants
(Smulders et al., 1995B) we may conclude that for super αA-crystallin there is no beneficial
effect on chaperone-like activity due to the exposure of extra hydrophobic patches. In
agreement to recent data (Reddy et al., 2000), it is concluded that surface hydrophobicity is
not the sole determinant of the chaperone activity of α-crystallin. Chaperone-like activity is
reflected by the differences between the kinetics of substrate aggregation and the binding of
substrate to the chaperone. As long as the exposure of binding sites is the rate-limiting step in
this dynamic model of chaperone function, the assay predicts a dependence of the chaperone
efficiency on the stability of the oligomeric state.
Although super  αA-crystallin lost its chaperone-like activity, we determined that super αA-
crystallin exchanges subunits as easily as normal  αA-crystallin, a process that is supposed to
be the rate limiting step for chaperone-like activity (Haslbeck et al., 1999; Bova et al., 1997;
Koteiche and Mchaourab, 1999)
It seems that the internal duplication of 41 residues in αA-crystallin is a selectively neutral
event as far as the viability of the protein is concerned. Furthermore, the duplicated exon 3 did
not detectably interfere with the in vivo stability and the ability to exchange subunits in vitro.
However, it did interfere with the exposure of hydrophobic pathches, the heat-stability and its
function as a molecular chaperone. This latter function seems to have vanished independent of
subunit hydrophobicity and exchangeability.
UV-A-related alterations
Finally, the crystallins were studied in a more or less normal environment, the eyelens. Lenses
were cultured in specially designed culture chambers at 35oC. UV-A-related alterations were
analyzed after irradiation through a pyrex glass culture container. α-Crystallin obtained from
UV-A-irradiated lenses shows, by electron microscopical analysis, a virtually identical shape
as control α-crystallin. However, upon heating with isolated βL-crystallin filament-like
structures comprising both proteins were formed. Irradiated α-crystallin displayed a greater
tendency to form filaments in combination with βL-crystallin than control α-crystallin. The in
vitro filament-like chains as identified by electron microscopy, following irradiation, display a
a high degree of morphological similarity to the reconstituted αβ-hybrids that have
incidentally been observed and described previously (Bloemendal et al., 1975). Furthermore,
the chaperone-like activity as detected by the ability of α-crystallin to inhibit the aggregation
of βL-crystallin upon heating at 60oC was greatly decreased for irradiated α-crystallin as
compared to control α-crystallin.
Two-dimensional gel electrophoresis of irradiated lens fractions, both water-soluble and urea-
soluble, revealed that αA-crystallin had been affected by irradiation, leading to alterations in
molecular weight and deamidation. Recent studies by others have shown that during aging
and cataract formation α-crystallin undergoes major post-translational modifications, among
which deamidation, that alters the chaperone properties of the protein (Takemoto and Boyle,
1998).
Although chaperone-like activity after UV-A irradiation was not determined for the individual
subunits of α-crystallin, αA-crystallin seems the more logical candidate for causing changes
in the chaperon-like activity of α-crystallin since αB-crystallin does not show any differences
after two dimensional gel electrophoreses. We therefore conclude that modifications in α-
crystallin may lead to changes in the chaperone-like activities that subsequently may affect
the integrity of other key proteins, like vimentin, resulting in cataract formation
In general one may conclude that the behavior and function of α-crystallin appeared more
complex as initially expected. There seems to be a new role for αB-crystallin in the nucleus of
cells. Its co-localization with SC35 -a marker for nuclear speckles- hints to a role in protecting
or stabilizing proteins involved in the splicing machinery.
With regard to αA-crystallin the general conclusion is more complex. UV-A irradiation
affects this subunit more than it affects αB-crystallin, leaving it a worse chaperone. Although
electron microscopically no differences could be observed, two dimensional gel
electrophoresis did show modifications of αA-crystallin. Disturbance of the structure by
duplication of exon 3 yielded a protein with no chaperone-like activity. We might therefore
conclude that disturbance of the overall structure of α-crystallin will affect the chaperone-like
behavior.
Furthermore, overexpression of αA-crystallin did not affect the expression of αB-crystallin.
In mouse skeletal muscle C2C12 cells that do have endogenous αB-crystallin, overexpression
of super αA-crystallin and normal αA-crystallin did not result in upregulation of the level of
αB-crystallin (data not shown). The same holds true for transgenic mice overexpressing αA-
crystallin. Like in the C2C12 cells no effect of αA-crystallin on the expression levels of αB-
crystallin could be detected.
However, the overexpression of αA-crystallin in the transgenic mice did not stay without any
effect. It appeared that the animals developed hindlimb paralysis after 8 weeks of age. This
paralysis could be explained by neuroaxonal dystrophy as observed in the spinal cord,
probably due to overexpression of αA-crystallin. One might now conclude that an altered
metabolism or simply too much protein, even a chaperone, in a specific environment will be
harmful for the individual.
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α-Crystallin is an abundant structural protein of the vertebrate eye lens composed of the
subunits αA- and αB-crystallin. It constitutes almost 40 % of the total amount of eye lens
proteins. Hetero-oligomeric α-crystallin, as well as homo-oligomeric αA- or αB-crystallin,
forms hollow spherical complexes of approximately 600-800 kDa. For a long time α-
crystallin was believed to be eye lens specific. However, from the recent literature it is known
that both subunits can be found outside the lens. αB-crystallin occurs in relatively high
amounts in muscle and heart, whereas αA-crystallin is only found in minute amounts in
spleen, thymus, retina and brain.
α-Crystallin is supposed to maintain lens transparency by preventing other lens proteins from
precipitating and disturbing the clearness of the lens upon aging. Furthermore, α-crystallin
confers chaperone-like activity in vitro by keeping unfolding proteins in solution, with αB-
crystallin being the better chaperone at physiological temperatures and αA-crystallin the
better chaperone at heat shock temperatures. From in vivo data it is known, particularly for
αB-crystallin, that upon stress the protein moves from the Triton-soluble to the Triton-
insoluble parts of the cells and that it associates with other components in the cell.
In this thesis experiments are described to better understand the behavior and function of α-
crystallin when expressed in other tissues than the eye lens and after UV-A irradiation of the
eye lens.
Chapter 1 provides a general introduction in which the present knowledge concerning the α-
crystallins is reviewed. First of all the discovery of α-crystallins as eye lens proteins is
described. α-Crystallin was already isolated from cow lenses as early as 1894 by Mörner and
still is an important topic in recent research. α-Crystallin is ubiquitous and common to all
vertebrates and constitutes an important part of the total lens fiber proteins. These facts were
followed by the discovery that they belong to the family of small heat shock proteins
(sHsp’s). In human, this family consists of nine members known as αA-crystallin, αB-
crystallin, Hsp20, Hsp27, HspB2, HspB3, HspB8, HspB9 and cvHsp. These proteins are
evolutionarily seen as members of a family due to the homology of their so-called "α-
crystallin domain". The sHsps and the α-crystallins are also sharing structural characteristics,
consisting of an N-terminal domain, a C-terminal domain and a flexible C-terminal tail.
Unfortunately no direct information is available about their tertiary and quaternary structures.
There may, however, be a considerable flexibility in quaternary structure as is supported by
the possibility to interchange subunits. In the second half of this chapter some specific
information concerning αB- and αA-crystallin is presented.
For αB-crystallin its behavior during stress is described, its increased expression and its
change in localization. Furthermore, the differences in phosphorylation during stress as well
as during the normal cell cycle are discussed.
Concerning αA-crystallin, experiments with a knockout mouse strain and (natural) occurring
mutants are reported. These experiments show that αA-crystallin cannot be omitted without
consequences as a structural protein from the eye lens since the knockout mice develop
microphthalmy and cytoplasmic inclusion bodies containing αB-crystallin.
Furthermore, in rodents and some other animals a third α-crystallin, named αAins-crystallin,
with an insertion of 23 amino acids, is present. This additional crystallin is not disturbing the
transparency of the eye lenses of these animals. In agreement with mutations naturally
occurring or introduced by man, αAins-crystallin possesses less chaperone-like activity and is
less heat-stable. By generating mutants and synthetic peptides that correspond to part of the
αA-crystallin sequence, the true chaperone site could be pinpointed to one hydrophobic patch,
represented by residues 70-88.
Chapter 2 investigates the possibility that αB-crystallin besides in the cytoplasm, might be
present in the nucleus of many cell types. Until recently αB-crystallin was believed to be an
exclusively cytoplasmic protein, at least during non-stress conditions. Occasionally it was
reported that αB-crystallin was found in the nucleus in case of overexpression. Also by
inflicting stress upon cells it was found that αB-crystallin moved towards and collapsed onto
the nucleus or was translocated into the nucleus. In contrast, some investigators suggested that
αB-crystallin reactivity, as seen in the nucleus, might be artificial. Although a distinct nuclear
staining could only be obtained with a specific antibody directed against the flexible C-
terminal tail we suggest that αB-crystallin is really present in the nucleus of unstressed cells.
Staining of isolated nuclei before and after pre-absorption of this specific antibody hinted to
the presence of αB-crystallin in this cell compartment. Co-localization experiments in the
presence or absence of actinomycin D revealed that αB-crystallin staining with this particular
antiserum is present in nuclear speckles, which are characterized by splicing factor SC35. The
presence of αB-crystallin in speckles might suggest a protective function or a role in the
storage of the proteins present in those speckles.
In chapter 3 the classical hypothesis of Gilbert is confirmed, "Exon shuffling via illegitimate
or non-homologous recombination". Since it is of interest whether αA-crystallin has diverged
functionally from αB-crystallin in the course of evolution, the behavior of αA-crystallin
transfected in cell types that are normally the domain of αB-crystallin was analyzed. Exon
shuffling mimicked in cell culture (mouse skeletal muscle C2C12 cell line) resulted in a new
crystallin, named super αA-crystallin. Due to illegitimate recombination at two CCCAT
homologies, approximately 1.8 Kb apart in the hamster αA-crystallin gene, the super αA-
crystallin has arisen. This recombination gave rise to a tandem-duplicated exon 3 sequence in
the mature mRNA of this gene, resulting in a 41-residue repeat in the translated proteins. The
extended gene was transcribed and translated in a similar way as the normal hamster gene,
meaning that it gave rise to two protein products super αA- and super αAins-crystallin. It was
shown that those enlarged proteins in C2C12 cells behaved in a similar way as the normal
proteins. They are expressed at levels similar as the wild-type, display a normal in vivo
stability and cytoplasmic distribution, they do not disturb cell growth and seem to be normally
phosphorylated. By size exclusion chromotography super- and wild-type αA-crystallin were
found at the same elution volume, suggesting that the proteins are incorporated into the
normal α-crystallin complexes.
In chapter 4 super αA-crystallin is studied in more detail. Therefore the protein was
expressed in an E.coli host and purified. The obtained recombinant super αA-crystallin
behaved normally with respect to the ability of exchanging subunits as determined by the
FRET assay. However, it displayed diminished thermostability, increased exposure of
hydrophobic patches and a larger complex size, and it lost the chaperone-like abilities of
normal αA-crystallin. By studying this mutant it became clear that exposure of hydrophobic
patches does not mean a guarantee for chaperone-like activity. Also the exchangeability of
subunits, which is essential for being a chaperone, not automatically predicts that a protein
possesses this capacity.
In chapter 5 overexpression of hamster αA-crystallin in transgenic mice is described. These
transgenic mice were initially generated to study αA-crystallin in the environment that
normally is the playground of αB-crystallin, and to investigate if αA-crystallin in one way or
another influenced the expression of endogenous αB-crystallin. No effect could be observed
in the latter respect. However, overexpression of αA-crystallin caused an unexpected
neuropathology. The first obvious sign, paralysis of the hind legs, made clear that these mice
presented a phenotype. Careful examination showed large deposits of αA-crystallin in the
astrocytes of the spinal cord and in the Schwann cells of dorsal roots and sciatic nerves.
Additionally, dystrophic axons in spinal cord and digestion chambers could be observed as a
sign of ongoing demyelination in dorsal roots and sciatic nerves. The intracytoplasmic
accumulation of αA-crystallin, probably the cause of the observed phenotype, is followed by
a sequence of secondary changes, as reflected by demyelination, axonal dystrophy and finally
arthrosis.
Chapter 6 deals with the biochemical background of the transgenic mice described in chapter
5. Enzyme activities, known to be altered in comparable neuropathologies in man, like
superoxide dismutase, catalase and transglutaminase were found to be normal. Blood sugar
levels, however, were significantly increased in the transgenic mice compared to controls.
However, this increase was found to be too small to be the cause of the observed
neuropathology. Mapping of the transgene, integrated into the genome, revealed its close
proximity to myelin protein zero (P0). Myelin protein zero is known to play a very important
role in wrapping of the myelin sheets. Integration into this gene or disturbing the protein
expression might explain the observed neuropathology. The hamster αA-crystallin gene,
however, was not integrated into this gene as observed by Southern hybridization and also the
expression of P0 as analyzed by western blotting appeared normal. Therefore,
intracytoplasmic accumulation of αA-crystallin, disturbing the cellular homeostasis, is still
considered to be the most likely cause for neuroaxonal dystrophy as displayed by our αA-
crystallin overexpressing mouse strain.
Finally, chapters 7 and 8 deal with the effect of UV-A radiation on α-crystallins in the
isolated bovine eye lens. The effect of UV-A irradiation on long term organ-cultured lenses
increased with age of the cows from which the lenses were obtained. Upon irradiation of the
lenses, obvious modifications, as revealed by 2D-gel electrophoresis of the water-soluble and
the urea-soluble fractions (chapter 7) could be found for αA-crystallin and the cytoskeletal
protein vimentin. Computer analysis of the mini 2D-gels illustrated these alterations.
Comparing control lenses to UV-A radiated lenses of both young and adult cows it appeared
that αA-crystallin had been affected, with the adult lenses being more susceptible as reflected
by more pronounced alterations in phosphorylation, deamidation and degradation. After
fractionation of the calf lens proteins into α-, βH-, βL-, and γ-crystallins, the α-crystallins
were used in the chaperone-assay designed to measure the capacity to prevent βL-crystallin
from precipitating upon heating (chapter 8). Both irradiated and control lenses where used to
isolate the crystallins. It appeared that α-crystallin isolated after irradiation was not as capable
as control α-crystallin in preventing βL-crystallin from precipitating. Electron microscopical
analysis of the α/βL-crystallins, taken simultaneously with the sample for the classical
chaperone-assay, revealed that the crystallins form filament-like hybrids, as demonstrated by
using antibodies directed against α- and β-crystallin. Irradiated α-crystallin heated together
with βL-crystallin tended more strongly to form filament-like structures. However, in the
absence of βL-crystallin electron microscopical examination before and after heating of
irradiated and control α-crystallin yielded no difference in globular structure. Analysis of βL-
crystallin without the α-crystallins showed no filament-like structures.
And finally, in chapter 10 chapters 2 till 9 are discussed, combining the chapters that deal
with the same subject.
In this thesis data on the behavior of αA- and αB-crystallin are described. The study of these
proteins raises new questions. Additional studies will be necessary to elucidate any possible
the role of αB-crystallin in the nucleus, and to unravel the disruptive effect of αA-crystallin
on the integrity of neurons, Schwann cells and astrocytes in the spinal cord and peripheral
nerves of the transgenic mice. Furthermore, the data presented in chapters 7 and 8 confirm the
necessity to wear sunglasses with UV-shields during bright sunlight.
In short: there is more about α-crystallin than meets the eye.
Samenvatting
α-Crystalline is een structureel ooglenseiwit dat veelvuldig voorkomt in ogen van gewervelde
dieren. Ongeveer 40% van de totale hoeveelheid ooglenseiwitten is α-crystalline en het is
opgebouwd uit twee subtypen, αA- and αB-crystalline. De subtypen kunnen zowel
gezamenlijk (hetero-oligomeren) als afzonderlijk (homo-oligomeren) holle bol-achtige
complexen vormen die een molecuul gewicht hebben van ongeveer 600 tot 800 kDa.  Heel
lang is gedacht dat α-crystalline een specifiek ooglens eiwit was. Uit de recente literatuur is
echter gebleken dat beide subtypen ook buiten de ooglens gevonden kunnen worden. αB-
Crystalline komt in relatief grote hoeveelheden voor in spieren en hart, terwijl αΑ-crystalline
in veel geringere hoeveelheden voorkomt in milt,  thymus, retina en hersenen.
Van α-crystalline wordt gedacht dat het, tijdens het verouderingsproces de helderheid van het
oog beschermt door te voorkomen dat andere eiwitten neerslaan en zodoende de transparantie
van de lens zullen verstoren. Verder is het bekend dat α-crystalline in vitro chaperonne
activiteit bezit, dwz ontvouwende eiwitten in oplossing te houden. Bij fysiologische
temperaturen is αB-crystalline een betere chaperonne, terwijl αA-crystalline efficiënter werkt
bij hogere temperaturen. Uit in vivo experimenten is gebleken dat vooral αB-crystalline, door
stress verplaatst van de Triton-oplosbare naar de Triton-onoplosbare fractie van cellen en dat
het daar associeert met andere cel-componenten.
In dit proefschrift worden experimenten beschreven die bij kunnen dragen aan het begrijpen
van het gedrag en de functie van α-crystalline in andere organen dan de ooglens en na UV-A
bestraling van het oog.
In hoofdstuk 1 wordt een algemene inleiding gegeven over de huidige kennis omtrent de α-
crystallines. Om te beginnen is de ontdekking van α-crystalline beschreven. Al in 1894 heeft
Mörner α-crystalline geïsoleerd uit koeienlenzen en tot de dag van vandaag is het een
belangrijk onderwerp in de research. α-Crystalline is een alomtegenwoordig huis-, tuin- en
keuken eiwit voor de gewervelde dieren, waar het, in het oog, een belangrijk deel van de
totale lensvezeleiwitten uit maakt. Vervolgens is ontdekt dat ze horen bij de familie van kleine
heat shock eiwitten (sHsp’s). Bij de mens bestaat deze familie al uit negen leden, αA-
crystalline, αB-crystalline, Hsp20, Hsp27, HspB2, HspB3, HspB8, HspB9 and cvHsp. Door
de grote homologie van hun zogenaamde “α-crystalline domein” worden deze eiwitten
evolutionair gezien als leden van één familie. Daarnaast delen de sHsp’s en de α-crystallines
ook nog structurele kenmerken, en wel een N- terminaal domein, een C-terminaal domein en
een flexibele C-terminale staart. Helaas is er geen directe informatie over de tertiaire en
quartaire structuren van deze eiwitten bekend. Echter een grote flexibiliteit in de quartaire
structuur wordt verondersteld en gesteund door de variatie in complex grootte en de
mogelijkheid van complexen om onderling sub-eenheden uit te wisselen. In de tweede helft
van dit hoofdstuk komt wat meer specifieke informatie over αB- en αA-crystalline aan bod.
Het gedrag van αB-crystalline, de verhoging van de expressie en de verandering in cellulaire
lokalisatie tijdens stress worden beschreven. Verder wordt ingegaan op het verschil in
fosforylatie zowel tijdens de normale celcyclus dan wel tijdens stress. Met betrekking tot αA-
crystalline wordt onderzoek beschreven dat is gedaan aan (natuurlijk opgetreden) mutanten en
aan een knock-out muizenstam. De knock-out muizen ontwikkelen microftalmie en
cytoplasmatische inclusion bodies die αB-crystalline bevatten, dit onderzoek  bewijst dat αA-
crystalline niet gemist kan worden als structureel ooglenseiwit.
In knaagdieren en een aantal andere dieren komt een derde α-crystalline voor dat αAins-
crystalline wordt genoemd. Het bevat een insertie van 23 aminozuren. Dit additionele
crystalline verstoort de doorzichtbaarheid van de ooglens van deze dieren niet. In
overeenstemming met mutaties die normaal optreden of door de mens zijn geїntroduceerd,
heeft  αAins-crystalline verminderde chaperonne activiteit en is het minder stabiel tijdens
verhitting. Door het maken van mutanten en synthetische peptiden die corresponderen met
delen van de αA-crystalline sequentie heeft men de plaats van chaperonne activiteit kunnen
vastleggen in een hydrofobe plek die overeen komt met aminozuren 70-78.
In hoofdstuk 2 wordt de mogelijkheid beschreven dat αB-crystalline naast aanwezig te zijn in
het cytoplasma ook in de kern van verschillende cel types gevonden kan worden. Tot voor
kort werd aangenomen dat αB-crystalline onder normale condities alleen in het cytoplasma
gevonden kon worden. Zo nu en dan werd er echter gerapporteerd dat door over-expressie
αB-crystalline ook in de kern gevonden kon worden. Ook door middel van het toedienen van
stress aan cellen werd gevonden dat αB-crystalline verplaatste naar de kern en op de  kern
klapte en in sommige gevallen zelfs de kern in ging. Sommige onderzoekers geloven echter
dat αB-crystalline kleuring in de kern beschouwd kan worden als een artefact.
In dit hoofdstuk proberen we te bewijzen dat αB-crystalline wel degelijk in de kern van niet
gestresste cellen voorkomt. Alhoewel we een duidelijke aanwezigheid van αB-crystalline in
de kern alleen konden aantonen met een antilichaam gericht tegen de C-terminale staart van
αB-crystalline, wijzen pre-absorptie van dit antilichaam met αB-crystalline of met een
synthetisch peptide dat overeenkomt met de C-terminale staart van αB-crystalline, en de
isolatie van kernen toch wel in de richting van de aanwezigheid van dit eiwit in de kern.
Co-lokalisatie experimenten in de aan- en afwezigheid van actinomycine D tonen aan dat αB-
crystalline gevonden wordt in speckles, welke gekarakteriseerd worden door de splicings
factor SC35. De aanwezigheid van αB-crystalline in speckles suggereert een mogelijke
beschermende functie in de opslag van eiwitten aanwezig in deze speckles.
In hoofdstuk 3 wordt de klassieke hypothese van Gilbert “Exon shuffling via illegitimate or
non-homologous recombination" bevestigd. Omdat het van belang is te weten of de functie
van αA-crystalline in de loop van de evolutie veel is veranderd ten opzichte van de functie
van αB-crystalline, werd αA-crystalline getransfecteerd en bestudeerd in cellen die normaal
het domein van αB-crystalline zijn. Exon shuffling is door transfectie nagebootst in celkweek
(een muizen-skeletspier cellijn, C2C12), dit resulteerde in een nieuw α-crystalline, super αA-
crystalline. Doordat niet-legitieme  recombinatie is opgetreden tussen twee CCCAT repeats
die 1,8 Kb uit elkaar liggen in het hamster gen, is het super αA-crystalline gen ontstaan.
Deze recombinatie heeft geleid  tot een gedupliceerd exon 3 in het mRNA van dit gen, wat
resulteert in een repeat van 41 aminozuren in het getransleerde eiwit. Het verlengde gen
gedraagt zich op een vergelijkbare manier als het wild-type gen, wat betekent dat het gen voor
twee eiwitproducten codeert: super αA- en super αAins-crystalline. We hebben in dit
hoofdstuk bewezen dat het patroon van de grotere αA-crystallines in C2C12 cellen
vergelijkbaar is aan dat van de wild-type eiwitten; de eiwit niveaus zijn vergelijkbaar, ze
vertonen een normale in vivo stabiliteit en cytoplasmatische verdeling, ze lijken de celgroei
niet te hinderen en worden op een normale manier gefosforyleerd. Chromatografie, waarbij de
eiwitcomplexen op grootte worden gescheiden laat zien dat de super αA-crystallines en de
wild-types na hetzelfde elutievolume van de kolom af komen, wat suggereert dat de eiwitten
in het normale αA-crystalline complex worden opgenomen.
In hoofdstuk 4 is in meer detail op super αA-crystalline ingegaan. Hiervoor is het eiwit in een
E. coli gastheer tot expressie gebracht en vervolgens opgezuiverd. Het zo verkregen
recombinante super αA-crystalline gedraagt zich normaal met betrekking tot het uitwisselen
van sub-eenheden, wat bestudeerd is met behulp van de FRET assay.
Het recombinante eiwit is echter minder hitte stabiel, heeft meer hydrofobe patches aan het
oppervlakte en vormt een groter en zwaarder complex, maar heeft de chaperonne-achtige
werking van normaal αA-crystalline verloren. Doordat we deze mutant bestudeerd hebben
zijn we er achter gekomen dat het bezitten van hydrofobe oppervlakken geen garantie biedt
voor chaperonne activiteit. Daarnaast betekent de mogelijkheid tot het uitwisselen van sub-
eenheden, wat essentieel is voor een moleculaire chaperonne, ook niet automatisch dat een
eiwit daadwerkelijk deze functie heeft.
Hoofdstuk 5 beschrijft de overexpressie van het hamster αA-crystalline in transgene muizen.
Deze muizen waren oorspronkelijk gemaakt om αA-crystalline te bestuderen in een omgeving
waar normaal alleen αB-crystalline voorkomt en om te bestuderen of αA-crystalline op een of
andere manier de endogene expressie niveaus van αB-crystalline beïnvloedt. Geen effect van
αA-crystalline op de niveaus van αB-crystalline kon worden waargenomen. De overexpressie
van αA-crystalline leverde echter wel een onverwachte neuropathologie op. Het eerste
duidelijke teken was een verlamming van de achterpoten, wat er op wees dat de overexpressie
van αA-crystalline resulteerde in een fenotype. Grondig onderzoek van de muis maakte
duidelijk dat er grote hoeveelheden αA-crystalline in de astrocyten van het ruggenmerg en in
de Schwann cellen van de dorsale wortels en heupzenuwen aangetoond konden worden.
Daarbij komend zijn dystrofe axonen in het ruggenmerg en digestion chambers in de dorsale
wortels en de heupzenuwen als teken van demyelinisatie aangetroffen. De
intracytoplasmatische accumulatie van αA-crystalline, hoogstwaarschijnlijk de oorzaak van
het aangetroffen fenotype, wordt gedacht gevolgd te worden door een scala van secundaire
veranderingen, gereflecteerd door demyelinisatie, axonale dystrofie en uiteindelijk
gewrichtsontstekingen (voornamelijk in het kniegewricht van de achterpoten).
In hoofdstuk 6 wordt dieper ingegaan op de biochemische achtergrond van de transgene
muizen die in hoofdstuk 5 zijn beschreven. Enzymactiviteiten, waarvan bekend is dat ze in
neuropathologieen van de mens anders zijn, zoals superoxide dismutase, catalase en
transglutaminase, zijn ongewijzigd gevonden. Bloedsuikerspiegels zijn in de transgene
muizenpopulatie significant hoger dan in de controle groep. Het verschil wordt echter te klein
verondersteld om te leiden tot de afwijkingen gevonden bij de transgene muizen. Analyse van
de integratieplaats van het transgen in het genoom, maakte duidelijk dat het transgen erg dicht
bij het gen coderend voor myelin protein zero (P0) was terechtgekomen. Van P0 is bekend dat
het een erg belangrijke rol speelt bij de wikkeling van de myeline schede om de axonen.
Integratie van het transgen in dit gen of het verstoren van deze eiwitexpressie zou de
gevonden pathologie kunnen verklaren. Echter, met Southern hybridisatie is aangetoond dat
het hamster αA-crystalline gen niet in het P0 gen is geïntegreerd. Met behulp van
westernblotting is dit bevestigd; de expressie van P0 is niet verstoord en het percentage P0 op
het geheel aan ruggenmergeiwitten was identiek aan die in de controle muizen. We nemen
door  bovenstaande data dus aan dat de intracytoplasmatische ophoping van αA-crystalline de
cellulaire homeostasis verstoord en daarmee in de transgene muizen de meest logische
oorzaak van de neuroaxonale dystrophy is.
Tot slot wordt in de hoofdstukken 7 en 8 het effect van UV-A straling op α-crystalline in
geïsoleerde koeienlenzen bekeken. We hebben hier gezien dat het effect van UV-A straling op
lenzen die langere tijd in kweek zijn gehouden toeneemt naarmate de lenzen op het moment
van isolatie ouder waren. Met 2D-gelelektroforese, gevolgd door computer analyse van de
water-oplosbare en de ureum-oplosbare fracties (hoofdstuk 7), is aangetoond dat bestraling
van de lenzen modificaties van αA-crystalline en het cytoskeletaire eiwit vimentine
opleverde.
Door nu de eiwitsamenstelling van de controle lenzen te vergelijken met de samenstelling van
de lenzen die met UV-A bestraald zijn (van zowel jonge als oudere dieren), is duidelijk
geworden dat de oudere lenzen gevoeliger zijn voor straling dan de jongere lenzen. Dit is te
zien in grotere veranderingen in fosforylering, deamidering en afbraak. Na fractionering van
de lenzen in α-, βH-, βL- en γ-crystallines, zijn de α-crystallines gebruikt in een chaperonne
experiment waarbij het vermogen van α-crystalline om te verhinderen dat βL-crystalline door
verhitting precipiteert wordt gemeten (hoofdstuk 8). Zowel uit de controle als uit de
bestraalde lenzen is α-crystalline geïsoleerd. α-Crystalline geïsoleerd uit lenzen die bestraald
zijn geweest was minder goed in staat βL-crystalline in oplossing te houden.
Elektronenmicroscopische analyse van de α/βL-crystalline samples (gelijktijdig genomen met
de samples voor de klassieke chaperonne assay) laat, met behulp van antilichamen, zien dat
de crystallines filament-achtige hybriden vormen. Het bestraalde α-crystalline gelijktijdig
verhit met βL-crystalline vertoonde een sterkere tendens tot het vormen van filament-achtige
structuren dan het niet bestraalde eiwit. Echter in de afwezigheid van βL-crystalline zijn,
zowel voor als na verhitting, elektronenmicroscopisch geen verschillen waargenomen in de
globulaire structuren van controle en  bestraald α-crystalline. Verhitting van βL-crystalline
zonder α -crystalline vormde geen filament-achtige structuren.
In hoofdstuk 10, tenslotte, worden hoofdstuk 2 tot en met 9 bediscussieerd. De hoofdstukken
die over hetzelfde onderwerp gaan zijn in dit laatste hoofdstuk gezamenlijk beschreven.
In dit proefschrift worden experimenten beschreven die informatie geven over het gedrag van
αA- en αB-crystalline. De studie van deze eiwitten zoals hier beschreven levert echter weer
nieuwe vragen op. Vervolgonderzoek zal nodig zijn om de mogelijke rol van αB-crystalline
in de kern en de verstorende invloed van αA-crystalline op het metabolisme van neuronen,
Schwann cellen en astrocyten  op te helderen. Vervolgens bevestigen de data van hoofdstuk 7
en 8 de noodzaak tot het dragen van zonnebrillen met UV-filters tijdens fel zonlicht.
Kortom: there is more about α-crystallin than meets the eye.
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tot verrassende inzichten.
Het zou misschien wat ver gaan om iedereen van de groep De Jong hier afzonderlijk te
bedanken en daarom doe ik dat maar niet. Het gevaar wordt dan te groot dat ik iemand ga
vergeten die ik niet had mogen en willen vergeten. Daarom iedereen van de groep De Jong die
ik heb mogen mee maken hartstikke bedankt voor de gezelligheid en de collegialiteit tijdens
en buiten werktijd. We hebben ongelooflijk veel lol gehad. Dank jullie wel.
Sander en Eveline van de VRT wil ik hier nog wel even apart noemen omdat jullie een
toevoeging waren aan ons buitenwerkse groepje. Wat ik zo tof vind aan jullie is dat jullie
gewoon meegingen. Ik hoop nog vaak met jullie te squashen en wie weet op survival te gaan.
En dan de groep van Lettie Lubsen. Ook al zijn jullie nu geen echte eigen groep meer, toen
jullie er op het lab van Bloemendal bij kwamen waren jullie dat wel. We hebben even aan
elkaar moeten wennen, maar toen het ijs gebroken was, was het nog nooit zo gezellig als voor
dat jullie er waren. Lettie, William en Siebe we zien elkaar hopelijk nog vaak. Linda, voor jou
geldt dit natuurlijk ook, maar dat zit wel goed. Na een leuke vakantie in Tunesië hebben we
immers besloten elk jaar een weekje met z'n tweeën op stap te gaan ongeacht wat welke
partner daar dan ook van vindt. Dank je wel dat je me mee hebt gevraagd en me een week bij
mijn werk hebt weg gesleurd.
Uiteraard zijn er nog een heleboel anderen te bedanken, waaronder de mensen van het
dierenlab, de mensen buiten Trigon waarmee ik heb samengewerkt en de nieuwe collega’s
van Antropogenetica.
En dan moet ik Lettie nog een keer bedanken voor haar komst naar Trigon. Doordat jij met je
groepje Trigon binnen kwam moest Bloemendal zijn AIO-kamer afstaan en verhuisde ik naar
de AIO-kamer van de groep Bloemers. Voor mij bekend terrein omdat ik daar in mijn
begintijd al een jaartje had mogen vertoeven. Dankzij jullie intocht ben ik dikke vriendjes met
Léon geworden.
Lieve hallo jij daar, bedankt voor je steun, gezelschap en hulp tijdens mijn/onze uren
tiepmiepen. In mijn eentje was het me vast niet gelukt. En zoals je zelf ook al in jouw boekje
hebt geschreven is er veel meer te vertellen en bedanken dan dat in dit boekje zou passen. Een
ding wil ik nog wel kwijt. Als ik het echt niet meer zag zitten was jij er om mij op te beuren
en om in mij te geloven. Zo'n vriend gun je iedereen. Dank je wel dat je er voor mij bent.
Maar, als allerlaatste maar zeker niet als allerminste wil ik mijn opa bedanken. Lieve opa, jij
bent altijd degene geweest die mij motiveerde en zorgde dat ik niet heb afgehaakt. Al toen ik
ging studeren was je heel enthousiast en vertelde dat je dat graag ook zou gaan doen als je
ietsje jonger was geweest. Je ging zelfs mee naar de open dag in Groningen. Toen ik
afstudeerde was je weer van de partij in Groningen. Tijdens mijn AIO-tijd ben je altijd erg
trots op me geweest maar hebt me ook met beide benen aan de grond gehouden. Je drukte me
vaak op het hart me vooral niet beter te gaan voelen dan anderen. Ik hoop dat ik dat ook nooit
gedaan heb.
Toen ik mijn stipendium kreeg had je daar graag bij willen zijn, maar je gezondheid liet dat
helaas niet toe. Het laatste jaar heb je me vooral aangemoedigd toch nog even vol te houden
en te blijven schrijven en het af te maken, ook al wist je dat de laatste loodjes erg zwaar
wogen. Lieve opa, ik hoop dat ik nog veel van je mag leren en een beetje van je
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